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Abstract

In this thesis, a comprehensive study is carried out to explore the formation and

decay mechanism of various nuclear systems formed in heavy ion induced reactions.

The Wong and `-summed Wong formula are applied to account for the formation

process, whereas dynamical cluster decay model (DCM) employed to address the

decay paths of hot and rotating compound nuclei. To investigate both the pro-

cesses, two sets of nuclear interaction potentials are employed i.e. one based on the

proximity based pocket formula and other obtained from the Skyrme Energy Den-

sity Formalism (SEDF). It is relevant to mention here that, the angular momentum,

temperature, deformations and orientation effects of the reacting partners and de-

caying products are aptly contained respectively in Wong and DCM model. The

thesis is organized into seven chapters, a transient discussion of which is discussed

below.

Chapter 1 presents the brief account of heavy ion induced nuclear reactions

governing the dynamics at low energy region. A literature survey on the formation

and decay of compound nucleus is discussed in detail. To understand the mechanisms

involved in fusion-fission processes and to extract related nuclear structure effects,

a deep understanding of nucleus-nucleus interaction potentials is crucial, a brief

interpretation of which is discussed in this chapter. Along with this, the deformation

and orientation effects in view of dynamics governed via heavy ion reactions is

discussed in brief.

Chapter 2 describe the details of the methodology used to probe the formation

and decay mechanism of heavy ion induced compound nucleus reactions. Wong for-

mula and its extended version i.e. `-summed Wong formula are used to study the

formation phenomena. The dynamical cluster-decay model (DCM) which originate

from the well known Quantum Mechanical Fragmentation Theory (QMFT ) is ap-

plied to investigate the decay mechanism of excited compound nucleus, in the form
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of evaporation residue, intermediate mass fragments, heavy mass fragments and fis-

sion fragments etc. DCM is a non-statistical model and provide an advantage to

treat all compound nucleus decay processes on parallel footing. Within DCM, the

fragmentation potential is obtained as a sum of Coulomb, nuclear proximity (based

on Blocki et al. potential and Skyrme energy density formalism) and centrifugal

potentials, a brief detail of all outlined in this chapter.

In Chapter 3, Entrance channel effect is studied in the dynamics of 200Pb∗

formed in 16O+184W, 19F+181Ta and 30Si+170Er reactions over a wide range of exci-

tation energies using the dynamical cluster-decay model (DCM) and Wong model.

The effect of deformations upto β2 along with optimum orientation is investigated

in both the formalisms. Fusion cross-section is studied using Wong model, which

overestimates experimental data for 19F+181Ta and 30Si+170Er reactions and under-

estimates the data at few energies for 16O+184W. However with the use of extended

`-summed Wong model, the overestimation is taken care and the cross-sections are

fitted nicely. The Wong based calculations suggest that there might be some non-

compound nucleus contribution at few energies for 16O+184W channel, as the under-

estimation of cross-section persists even after the inclusion of deformation effects.

This lead us to conclude that the formation of 200Pb∗ compound nucleus depends

on the choice of incoming channel. In addition to this, in this chapter, the decay

path of 200Pb∗ is investigated using DCM. Although, the overall decay pattern of

compound nucleus 200Pb∗ seems similar for all the chosen reactions, some signature

of variation are observed in fission and intermediate mass fragment (IMF) region

for the deformed fragmentation process. It is to be noted that with the inclusion

of deformation, the decay pattern changes from symmetric to asymmetric, there by

suggesting that the deformation and orientation of decaying fragment are equally

important in formation as well as in the decay process of proton magic nuclear sys-

tem 200Pb∗. Prediction of ER and fission cross-sections at higher as well as at lower

incident energies are also worked out. Beside this, the dynamics of neighboring
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nuclei 192Pb∗ and 202Pb∗ is also analyzed.

In Chapter 4, the reaction dynamics of various even-mass Zr isotopes is ex-

plored formed in 16O-induced reactions is explored using DCM based on collective

clusterization approach. In reference to the measured fusion cross-section data, var-

ious decay modes contributing towards 86,88,90,92Zr∗ nuclei are investigated. Also,

the role of deformations and orientation degree of freedom is analyzed by compar-

ing results with spherical choice of fragmentation. In addition to this, the entrance

channel impact is explored for 92Zr∗ and 76Kr∗ nuclei formed in 16O and 18O induced

reactions. Besides this the dynamics of relatively heavier Sn isotopes formed using

using 16O and 18O beams is analysed. The DCM calculated decay cross-sections find

a nice agrement with available experimental data.

In Chapter 5 the dynamical cluster decay model (DCM) is employed to explore

the relative effect of sticking (IS) and non-sticking (INS) limits of moment of iner-

tia (MOI) in the decay of hot and rotating 214,216Rn∗ compound nuclei, formed in

16,18O+198Pt reactions. Beside this, the nuclear deformation effects i.e. quadrupole

β2 (static and dynamic) and higher order static deformation up to hexadecapole

(β4) are duly incorporated within the framework of DCM. The influence of both

IS and INS addressing rotational energy component is gauged through the barrier

characteristics, preformation factor and barrier lowering effects via proper inclusion

of deformation effects of decaying fragments. The experimentally given ER and

fusion-fission (ff) data is addressed by optimizing the neck-length ∆R, that strongly

depends on the limiting angular momentum, which in turn depends on the sticking

or non-sticking limits of interaction. In addition to this, the influence of increase in

energy and neutron number is probed in reference to ER survival probability of Rn

compound nucleus. Finally, the ff cross-sections of 214,216Rn∗ nuclei are predicted

within sticking limit of moment of inertia as the same seems to be more suitable

heavy particle emission.

In all previous chapters, the nuclear dynamics and related deformations effects
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are investigated within Blocki based nuclear proximity potential. Such kind of an-

alytical form of nuclear interaction potential does not contain individual contri-

bution from spin-orbit density dependent part, though it affects the fusion-fission

dynamics appreciably. Henceforth in Chapter 6, role of deformation and orien-

tation in nuclear dynamics is investigated in terms of spin-orbit density dependent

part VJ of nuclear potential (VN=VP +VJ) obtained within semi-classical Thomas

Fermi approach of Skyrme energy density formalism. Calculations are performed

for 24−54Si+30Si reactions, with spherical target 30Si and projectiles 24−54Si having

prolate and oblate shapes. The quadrupole deformation β2 varies within range of

0.023 ≤ β2≤ 0.531 for prolate and -0.242 ≤ β2≤ -0.592 for oblate projectiles. Si-

nuclei with β2 <0 have higher spin-orbit barrier (compact spin-orbit configuration)

in comparison to systems with β2 >0. The possible role of spin-orbit potential

on barrier characteristics such as barrier height, barrier curvature and on the fu-

sion pocket etc is probed. In reference to prolate and oblate systems, the angu-

lar dependence of spin-orbit potential is further studied on fusion cross-sections.

Along with this, the effect of spin-orbit interaction potential is explored by consid-

ering a two nucleon transfer process by employing various entrance channels such as

23Na+49V,25Mg+47Ti,27Al+45Sc,29Si+43Ca and 31P+41K, all forming the same com-

pound system 72Se∗, using both spherical as well as β2-deformed choice of nuclei.

For spherical nuclei, the spin-orbit density part VJ of nucleon-nucleon potential re-

main unaffected with the transfer of two nucleon from target to projectile, however

show notable variation in magnitude after inclusion of deformation effects. Like-

wise, deformations play important role in spin-orbit density independent part VP ,

as the fusion pocket start appearing, which otherwise diminish for the spherical nu-

clei. Further, the effect of increase in N/Z ratio of Se is explored on VJ as well as

VP and results are compared with transfer channels. In addition to this, the role of

double spin-orbit parameter (W0 and W′

0) is explored in view of SkI2, SkI3 and SkI4

Skyrme forces. Also, the decay path of 72Se∗ nucleus formed in 27Al+45Sc reaction is
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investigated within framework of dynamical cluster decay model (DCM), where the

nuclear proximity potential is obtained by both Skyrme energy density formalism

(SEDF) and proximity pocket formula. The fusion hindrance in 27Al+45Sc reaction

is also addressed via barrier lowering parameter ∆VB. Finally, the contribution of

spin-orbit density dependent interaction potential is estimated for 27Al+45Sc reac-

tion using single (W0) and double spin-orbit parameter (W0 and W′

0).

Chapter 7, summarizes the work carried out in this thesis. A brief account of

results obtained and conclusion drawn is discussed and possible extension of this

work from future prospective is outlined.
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Chapter 1

Introduction

In this macrocosm, numerous processes supervene every day at the diminutive and

lucid levels. All these processes are the pursuance of some kind of nuclear reactions

governed through the static and dynamical nuclear features. The most notable

nuclear reaction is the nuclear fusion of light elements that endowment energy pro-

duction of stars and the sun. An extensive applications of the nuclear reactions that

influence the daily life of human society is most prominently espied in production

of energy and medicine. Therefore, to have a better insight of such mechanisms,

a deep understanding of nuclear reactions and related aspects is immensely desir-

able. Inspite of naturally occurring reactions, large number of nuclear reactions

have been exercised artificially in various laboratories around the globe. The first

experimental corroboration of nuclear reaction was observed almost a century ago

by Rutherford [1]. Since then, the study of these reactions were being accompanied

by several fundamental discoveries, such as discovery of neutron, nuclear fission,

production of the superheavy elements, elementary particles, a new state of matter;

quark-gluon plasma etc.

During the earlier time, light particle such as proton, neutron and alpha particle

were used to trigger the reactions. Later on, experimental techniques in the area

of nuclear physics got ameliorated with the invention of highly advanced particle

accelerators techniques and made in possible to synthesize nuclear reactions using
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high energy beam of heavy ions. The term heavy ions (HI) usually means nuclei

equal to or heavier than the alpha particle (42He). The availability of HI beam

opens new horizon for exploring field of nuclear physics. Moreover, HI collisions

give the possibility to extract information about the nuclear matter behavior and

to study the reaction mechanisms over an extensive energy region. In the quest

to extend the periodic table element by element, the beams of 12C, 14N, 16O, 35Cl,

40Ar, 48Ca and even higher projectile are being used to synthesize new and exotic

nuclear systems. Inspite of stable ion beam, some loosely bound isotopes of He,

Li and Be etc. [2] possess peculiar properties and hence affect the fusion reaction

dynamics accordingly. To achieve the pure and intense beams of the desired energy,

HI-accelerators are required. The construction of modern heavy ion accelerators is

influenced by the subsistence of appropriate ion source and should provide beams

of high intensity, good emittance, long lifetime and production of great variety of

ions. The commonly used ion sources for the production of HI are penning hot,

cold and self heated cathode etc. These ion sources have been developed in number

of laboratories, particularly in Berkeley at Lawrence Berkaley National Laboratory

(LBNL) and in Dubna at Joint Institute for Nuclear Research (JINR). In early days

of experiments at Berkeley laboratory, the spark-type ion sources were operated

to accelerate the heavy ions, these ion sources were analogous to those used in

spectroscopy [3]. Moreover, a source of same variety is also practised on the heavy-

ion linac at Kharkov [4].

The main aim of the theoreticians working in the area of nuclear physics is to

understand the properties of nuclei which can be described in the form of rudimen-

tary theories of prescribed legitimacy that account for the structure of nuclei, forces

between them and their internal motion. The macroscopic properties of nuclei such

as constant density and binding energy per nucleon resembles to those of drop of

liquid, however, the microscopic features like nuclear wave function and particle

motion be similar with weakly interacting gas. The macroscopic part of nuclei is
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best understood by the Liquid drop model (LDP) [5], whereas for the microscopic

characteristics; Shell model (SM) and Fermi Gas Model (FM) [6] are superlative

options. The SM and LDM are the basic types of simple nuclear models used to

address the properties and behavior of nucleons within the nucleus. The shell model

is based on the quantum mechanical hypothesis and deals with an individual parti-

cle showing that all the nucleons are in discrete energy states. On the other hand,

the liquid drop model is established using a semi-classical idea, in accordance with

collective particle state. Later on, some unified or collective models are built up

that comprise both the features of SM and LDM. Since the complete perceptive of

nuclear forces leads to remarkable growth in the overall understanding and behav-

ior of nuclei, therefore continuous attempts are being made to have extensive idea

about nuclear forces involved in the process. Each type of nuclear reaction displays

specific and certain types of nuclear properties which guide us to investigate the

nuclear structure and related dynamics such as (i) the information regarding the

elementary nuclear forces is indulged through the nucleon-nucleon scattering, where

the elastic scattering reaction gives the information about the size of nuclei and the

interaction potential (ii) the reactions in which compound nuclei (CN) are formed,

used to study the statistical nuclear properties and related nuclear dynamics.

1.1 Heavy ion-induced reaction mechanism at low

energy

For nuclear physics community, the study of heavy ion induced nuclear reactions is a

subject of resurgence interest, as it gives direction to understand the nuclear forces

origin and consequently provide the much needed nuclear structure information.

With the advancement in the technology, heavy-ion reactions (HIR) can occur at

different bombarding energies from a few MeV/nucleon to a few GeV/nucleon and

thus lead to a variety of nuclear phenomena. Our main focus here is to address
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SECTION 1.1: HEAVY ION-INDUCED REACTION MECHANISM
AT LOW ENERGY

Figure 1.1: The three models of reaction mechanism i.e. the direct, pre-compound
and compound nucleus interaction are shown [7].

heavy ion collision and related reaction dynamics at low energy regime only (Ebeam≤

15MeV/nucleon).

During a projectile-target interaction, either of the two possibility may occur (i)

the projectile may be deviated by the potential of target nucleus, resulting in change

of its direction without the change in the center of mass energy. (ii) the projectile

may interact with the target nucleus, passes its energy and get absorbed by the

target nucleus. Succeeding interaction process, nuclear reaction can be proceeded

via different mechanisms such as direct reaction [8], compound nuclear reaction [9]

or by some non-equilibrium processes [10], a pictorial display of these processes is

shown in Fig. 1.1.

(i) Direct reaction or peripheral reactions: They proceed directly from

incoming channel to exit channel without the formation of intermediate state (com-

pound nucleus) and involve a few available degrees of freedom for interaction. In

these reactions, the projectile interacts with the target nucleus through one or more

nucleon(s) and after single interaction both of them are ejected. Such nuclear process

involve elastic and inelastic nuclear collisions, stripping and the pick-up reactions,
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Figure 1.2: Two possible ways through which projectile and target interacts giving
rise to compound nucleus (stage 2) and non-compound nucleus phenomena (stage
1).

observed predominately at relatively high energies.

(ii) Compound nucleus (CN) process: Here the incident particle interacts

with a large number of nucleons and redistributes its energy among them. As a result

of this, some nucleons or a group of nucleons gather adequate amount of energy and

get acquitted after multiple interactions. This mechanism denotes as compound

nucleus process and is shown as II stage in Fig. 1.2. This figure depicts that, when

projectile interacts with target through its energy E and angular momentum `, a

di-nuclear system (DNS) is formed, as a first step. Subsequently, the evolution of

DNS take place by means of nucleon displacement and/or transformation of energy

resulting into formation of mono-nuclear system. Which subsequently emerges to

equilibrated compound nucleus.

(iii) Non-equilibrium process: These reactions involve interaction of projec-

tile with two to five nucleons of target which may further interact with other nucleons

and hence is considered neither a direct nor a compound nucleus process. Basically

such reactions are characterized by emitting a particle long before the attainment
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SECTION 1.1: HEAVY ION-INDUCED REACTION MECHANISM
AT LOW ENERGY

of compound nucleus formation, thus treated as non-compound nucleus (nCN) phe-

nomena. Similar to CN reactions, the nCN processes also provide much needed

information about the nuclear structure and the reaction dynamics. In subject to

the beam energy, entrance channel mass asymmetry and nature of projectile used,

the processes like deep-inelastic collision (DIC), quasi-fission (qf), fast-fission(ff) and

incomplete fusion (ICF) etc. come into picture. In DIC, the projectile and the tar-

get nuclei cohere for adequate period of time and dissipate substantial amount of

energy, whereas the surfaces of the colliding nuclei overlap for a limited time. In

this process, the product mass is close to the mass of reactant nuclei and generally

observed for systems in which charge product Z1Z2 (Coulomb force) of entrance

channel is higher. Quasi-fission is a process in which the DNS disengage before

attaining equilibrium position, giving target and projectile like products in the exit

channel. It occurs at an initial phase of the collision when two fragments are linked

by a neck and nucleon start shifting from the heavy fragment towards the lighter

one. Like DIC, the probability of qf process to occur also depends on the Coulomb

interaction of colliding nuclei along with the deformation of reaction partners. The

qf process is shown in Fig. 1.2 as I stage. Fast fission (ff) predominately occur at

higher energies. In this process, due to the large angular momentum, the fission

barrier vanishes and system re-separate before reaching equilibrium.

In general, direct, CN and non-equilibrium reactions can be distinguished ac-

cording to the reaction time scale, and the degree to which the kinetic energy of the

projectile is converted into internal excitation of the final products. Although, at

some stage, the reaction time scale of direct and CN reactions become comparable

and it becomes difficult to differentiate between them. At low incident beam energy,

the compound nucleus or complete fusion reactions [9] survive for a longer duration

and hence impart useful information regarding the dynamical behavior of colliding

and emission partners. In this thesis, an extensive analysis relating the compound

nuclear dynamics is worked out. The detailed information regarding the formation

and corresponding decay mechanisms of compound nucleus are discussed below.
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1.2 Compound nucleus formation and subsequent

decay mechanism

Complete fusion is a process in which a composite system is formed after amal-

gamation of target and projectile giving rise to the formation of fully equilibrated

compound nucleus (CN). In 1936, Bohr visualized a classical picture of compound

nucleus reaction as (i) union of colliding nuclei into a single unit called as “formation

of compound nucleus”, with life span of ∼ 10−15s and (ii) the disintegration of CN

into the products of the reaction. During the former stage, the target nucleus cap-

ture the incident particle, followed by the division of excitation energy and angular

momentum among all the nucleons of the equilibrated compound system. Because

of redistribution of energy, the decay of the CN retains no memory of its creation

and provide a rather uniform angular emission of particles, thus the processes of

formation and the break-down of compound nucleus are completely independent of

each other. The time scale of compound nucleus is larger than the time required by

a nucleon to cross over a nucleus (∼ 10−23s), leading to the statistical equilibrium.

Long after the capture process, particles emissions takes place following statistical

process just as the evaporation of molecules from a liquid droplet.

The Bohr independence hypothesis implies that, the decay of a compound nu-

cleus is determined rigorously by its quantum mechanical properties such as excita-

tion energy, parity and angular momentum but independent of the entrance channel

from which it was formed. A schematic view of formation and decay of compound

nucleus is displayed in Fig. 1.2 (stage II). The figure depicts that, because of im-

mense excitation energy and rotational momentum, the excited compound nucleus

(CN) further de-excites with times into two main mechanisms. The first one is

the emission of multiple light particles (LPs) also known as evaporation residues

(ER) i.e. n, p, α, γ-rays and secondly into fission (A/2±20). However in some

cases, intermediate mass fragments (IMFs) called as clusters or complex fragments
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SECTION 1.2: COMPOUND NUCLEUS FORMATION AND
SUBSEQUENT DECAY MECHANISM

contributes, lying within the range of 5≤A≤20 (2<Z<10) and the heavy mass frag-

ments HMFs (mass in-between IMF and fission). The probability of IMF and HMF

decay is observed to be significant for few nuclear systems but LPs and fission are

the main contributors towards the fusion excitation functions at low energy range.

In 1950 Ghoshal [11] provided the first experimental evidence in support of the

Bohr independence hypothesis by investigating the decay of 64Zn∗ compound nu-

cleus formed through different entrance channels, using a beam of α particle and

proton. This study was further cemented by Smith [12]. Later on J. R. Grover and

R. J. Nagle [13] demonstrated that, to validate the independence hypothesis thor-

oughly, angular momentum effects must be accounted adequately. In quest of this,

D’Auria et al. [14] performed an experiment with the beams of heavy ion such as 12C

and 16O, as HIR provide an excellent inquisition for extensive study of compound

nucleus reactions with angular momentum effects, which under favorable conditions,

support the Bohr independent hypothesis.

With an aim to correlate the experimental observations with conceptual ground-

ing, Bethe, [15] and Weisskopf, [16] were the first to develop a theoretical model

to study the compound nuclear decay by calculating the average neutron cross sec-

tions and light particle (n, p, α) evaporation using the partial wave technique (the

discussion about the nuclear cross-section and partial wave technique is outlined

in next section). The limitation of this model find its basis in non-conservation of

the parity and angular momentum for each particle wave, though it still presents a

good estimate of the cross-section magnitude. Subsequently, in 1952, Hauser and

Feshbach [17] rectified this problem in more detailed way by explicitly taking an-

gular momentum and parity into account for certain reactions. Further, in subject

to investigate the dynamics involved in formation and decay processes of compound

nucleus, numerous quantum mechanical hypothesis have been established.

In the recent past, various statistical approaches are developed to study above

mentioned particle emission and other decay processes. The light particles LPs
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emission is best understood by Hauser Feshbech (HF) [17] analysis (eg: PACE

code [18]). However its other version is used to understand the production of

IMFs/HMFs/fission, like extended Hauser-Feshbach Scission point Model [19] or

BUSCO code [20] are used for 2<Z<10 fragments. In addition to this, some other

fission models [21] are employed for A<80 nuclei. These models are either based on

the scission or saddle-point configurations [22], or the saddle-point transition-state

model (TSM) [21, 23–25]. Whereas for A>100 GEMINI code based on Moretto’s

fission model [26] is used. Both HF analysis and Fission Models considered the ER,

IMF, HMF and fission processes separately, in spite of the fact that, the fission and

cluster decay are competing processes with later being more frequent for light frag-

ments [27]. An alternative approach to statistical models is provided by Gupta and

Collaborators known as Dynamical Cluster-decay Model (DCM) [28–31] based on

the Quantum mechanical fragmentation theory (QMFT) [32] and treats all possible

decay processes on equal grounding. Thus, in DCM, the emission of both the ER

and fission are treated as the collective mass motion of preformed clusters through

the potential barrier. Another interest of using the DCM over statistical models is

that, CN structure effect can be extracted via the preformation probability of the

fragments that is absent in the other statistical based approaches. In addition to

DCM, to address compound nucleus fusion process, the Wong formula [33] and its

extended version `-summed Wong formula [34] are employed.

1.3 Nuclear cross-section within partial wave

analysis

For unmitigated conception of compound nuclear mechanism and to understand

the numerous applications in the field of nuclear energy, astrophysics, and national

security; many area of applied and basic nuclear physics require nuclear reaction

cross-sections. Cross-section is the meeting ground between the theory and the

14



SECTION 1.3: NUCLEAR CROSS-SECTION WITHIN PARTIAL
WAVE ANALYSIS

experiment. The nuclear cross section is defined as the probability of occurrence

of a particular reaction, or in physical terms, this concept can be assessed as the

“characteristic area” where a larger area designates greater interaction probability.

Experimentally one can only measure the rate through which certain reaction takes

place (event/second) under required conditions such as incident particle energy,

angle of deviation etc. The nuclear cross section is denoted as ‘σ’ and measured in

standard unit ‘barn’ (one barn equals to 10−28 m2 (or 10−24 cm2)). In case when

these cross-sections can not be predicted reliably or measured directly, then some

indirect technique such as ‘Surrogate method’ may be employed.

One can measure the nuclear cross-section microscopically or macroscopically.

The microscopic cross section characterize the effective part or section (area) of

isolated target nucleus, whereas the macroscopic form depicts the effective target

area of all nuclei with in certain volume. It means that, the probability of interaction

of a neutron/proton/heavy ion with a target nucleus also depend on the density of

nuclei within that volume. Primarily the nuclear cross-sections are categorized in

‘partial’ and ‘differential’ forms. Partial cross-section represents the contribution

from several independent and/or distinct processes which can remove particles from

the incident beam. These partial contributing cross-sections can be further separated

into different contributing parts i.e. total cross-section (σt) equals to the sum of

cross-section that produces measurable scattering σsc and the reaction cross-section

σr; so that σt=σsc+σr. However in differential form, the distribution of emitted

particles is measured with respect to the solid angle (dσ/dω). These differential

cross-sections are then integrated over all space to give total reaction cross-section,

also called an integrated cross-section.

Theoretically speaking, one of the most acceptable method for measurement of

cross-section is the ‘partial wave’ (PW) method. This method has been applied

in various fields such as acoustic, quantum mechanics and optics etc. The tech-

nique of PW was initially adopted by British Physicist ‘Rayleigh’ for the sound
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wave scattering [35] and later used by Faxen and Holtsmark to the scattering of

Schrodinger wave. To extract the physics involved in certain scattering/collision

or in cases where effects of interference are predominant, Partial Wave Analysis

(PWA) is a useful mathematical tool to understand all such problems. Quantum

mechanically, partial wave analysis is a method or technique for resolving scatter-

ing problems via decomposing each wave into its constituent angular momentum

element (or component) and then solved using boundary conditions. In PWA, the

potential is considered to be spherically symmetric V(−→r ) = V(r), as a result of

this, the angular momentum of the incoming projectile is conserved, for the reason

that, in central potential, the angular momentum (`) of scattered particle is same

before and after the collision (Noethers theorem). Therefore, one can expand a wave

function in the eigne-states of the angular momentum, consequently resultant waves

with definite ‘`’ are called partial waves.

In case of CN reactions, the complete fusion cross-section is obtained by measur-

ing ER, IMFs and fusion-fission (ff) cross-sections: σfus=σER+σIMF +σff . There-

fore following above, to estimate the formation and the decay cross-sections, in this

thesis, partial wave method is adopted both in Wong and dynamical cluster-decay

approaches.

It is observed that, the probability of interaction also influenced by the shape

and orientation of interacting nuclei, the detail of which is discussed in the upcoming

section.

1.4 Nuclear deformation and orientation effects

The role of nuclear deformations has been continually probed to analyze both the

fusion and decay paths involved in heavy ion induced reactions (HIRs). For a better

description of nuclear reaction dynamics, deformations play significant role and have

always been a matter of resurgent interest during last few decades. In 1935, Schuller

and Schmidt [36] were first to probe the shape of nucleus through nuclear electric
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SECTION 1.4: NUCLEAR DEFORMATION AND ORIENTATION
EFFECTS

Figure 1.3: A chart showing the theoretical quadrupole deformation of approxi-
mately 2000 nuclide calculated by Möller [38].

quadrupole moment (Q) from hyperfine structure in atomic nuclei, before that nu-

cleus was considered to be spherical with symmetric charge distribution. Depending

on the properties of each nuclei, they come in various shapes such as quadrupole

deformed (β2), octupole deformed (β3) and hexadecapole deformed (β4) nuclei. The

sign of quadrupole deformation (β2) , extracted from Q, tell us the exact shape of

nuclei as β2>0 corresponds to elongated (cigar-like prolate) shape and β2<0 refers

to flattened (oblate) shape nuclei [37]. The Octupole deformation gives the nuclear

pear like appearance and define the reflection-asymmetry in the nuclear shape. It is

found that majority of deformed nuclei have prolate shape, while very few exist with

oblate structure as depicted in a chart presented in Fig. 1.3 [38]. For more than

half a century, this preponderance has taken a lot of attention of nuclear physicists

and presented a challenge in the understanding of nuclear structure physics [39].

Subsequently a detailed study of intrinsic electric quadrupole moments provided by

experiment [40] has confirmed the predominant occurrence of prolate shape nuclei.

Beside above discussed nuclear shapes, some of nuclei be found with superde-

formed and hyperdeformed states but are very few in numbers. Macroscopically,

these nuclear shapes are not just as true hard shapes, but are rather described by
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Figure 1.4: Schematic diagrams for the interaction of spherical and quadrupole
deformed (prolate and oblate) nuclei giving elongated and compact shapes.

their mean field and density.

When the nuclear deformations are included, the consideration of orientation

degree becomes unavoidable [41]. In early 1980s, the study of deformation and

orientation was investigated by Greiner [42] via considering the collision between

238U+238U and suggested that only a peculiar orientation of Uranium nucleus could

give a very long lived (∼ 10−20s) giant molecule. A detailed study of deformation and

related orientation is required at both theoretical and experimental level to under-

stand more about the distinctive features of heavy-ion induced reactions involving

deformed nuclei. When a deformed nucleus is in ground state, it can be oriented

in many ways and each type of configuration of colliding nuclei leads to separate

fusion barrier. About a decade ago, a comprehensive analysis was done by Gupta

et al. [41], in which fixed (optimum) orientations were suggested for each pair of

quadrupole deformed (prolate or oblate) or spherical + β2-deformed colliding nuclei,

that may have different signs (+/-) of β4-deformation. The optimum orientations

are suggested for cold, non-compact (elongated) fusion configuration corresponding

to lowest barrier/largest interaction radius and for hot, compact fusion configuration

with the highest barrier/smallest interaction radius as shown in Table 1 of Ref. [41].

The schematic view of elongated and compact shapes is depicted in Fig. 1.4. The

compact configuration is used for nuclei with higher multipole deformations particu-

larly for positive hexadecapole deformations. In recent past notable amount of work
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SECTION 1.5: INTERACTION POTENTIAL

has been done to address the importance of deformations and related orientations by

studying various nuclear systems formed in HI reactions [43–45], which eventually

show inevitable influence on fusion-fission and other competing decay channels. It is

noted that, in the absence of deformation and orientation effects, the decay profile of

CN show symmetric mass distribution, on the other hand, on allowing deformation

effects, asymmetric fragmentation path is obtained [31]. The ground state defor-

mations are generally obtained from the work of [38] and their effect on the decay

path of various nuclei from low to heavy mass region (A=70-220) is discussed in

subsequent chapters. In order to address nuclear reaction dynamics one may also

proceed via static as well as dynamical (temperature dependent) deformations. In

past some effort have been made in this direction, but still there is immense need to

investigate this issue as different nuclei of different mass/shell region exhibit distinct

behavior over a wide range of incident energy.

At low incident energy, the phenomena like fusion, fission, elastic and inelas-

tic scattering etc. cannot be described without an accurate knowledge of nuclear

interaction potential. The determination of the interaction potential between two

nuclei is a difficult quest and endless efforts are being made in this direction. In the

present work, different approaches are employed to estimate the nuclear interaction

potential as discussed below.

1.5 Interaction potential

Our perception of the fusion reactions between the strongly and weakly bound nu-

clei have been refined due to the relentless efforts devoted by the nuclear physics

community in the area of theoretical [46–55] and experimental research [56–60]. For

the successful occurrence of a particular fusion reaction, its interaction potential

plays an important role. When two nuclei come together, they feel a long range

electrostatic Coulomb force of repulsion by virtue of their charges in addition to

short range attractive nuclear force. The interplay among these forces form a in-
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teraction/fusion barrier with an appropriate fusion pocket. The interaction barrier

denotes the energy where the barrier penetrating probability is one-half for the s-

wave. At low energy, the formation (or decay or both) of system is also stimulated

by the repulsive centrifugal potential which originates owing to rotational motion of

system and depend on the contributing angular momentum and moment of inertia

involved. The effect of this repulsive part is to intensify the fusion barrier height,

thereby making fusion pocket shallower. It implies that an accurate knowledge of

the interaction potential is highly desirable for an extensive study of the heavy ion

reaction dynamics.

In interaction barrier and pocket formation process the short range part plays

major role as suggested by Holm and Greiner [61] and later by Wong [62]. To

describe the nuclear interactions at both microscopic/macroscopic level, the theo-

retical models perform extremely constructive role. In recent years, a vast number

of theoretical models have become available to explain different features of fusion

dynamics. The most commonly used two approaches for estimation of ion-ion inter-

action potential are macro-microscopic and analytical methods as discussed below.

A schematic of both kinds of the nuclear interaction potentials is shown in Fig. 1.5.

1.5.1 Energy Density formalism (EDF)

In macro-microscopic methods [63–65], the asymmetric two center shell model [66]

and other mean field calculations [67,68] have been used comprehensively to investi-

gate the behavior of nuclear interaction potential. For the microscopic interpretation

of nuclei, the energy density functional (EDF) method [69–73] is the best theoretical

tool usually quoted as “self-consistent mean-field and beyond-mean-field methods”.

Although the empirical reconstruction of such method required Hamiltonian based

approaches and explicit wave-function. The EDF is established from a theorem pro-

posed by Hohenberg and Kohn [74]; and Sham and Kohn [75], originally manifested

for an electron gas. Further, its elementary extension is made for more complex
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SECTION 1.5: INTERACTION POTENTIAL

Figure 1.5: A schematic presentation of different forms of nuclear interaction poten-
tials.

fermion systems, which says that, the total energy of fermions in its ground state

can be inscribed in the form of local density and its derivatives. This approach is

very appealing in nuclear physics as it reduces the tricky expressions of the many-

body problem into a simpler form of Lagrangian formalism. However, the difficulty

lies in the fact that, there is no way of calculating a lagrangian initially. As a result

of this, yet the functional should be unique, but some recipe has to be followed to

approximate it. Such kind of inconsistency encountered here is alike in selecting an

effective interaction imitating the actual G-Matrix to be operated in Hartree-Fock

calculations.

Depending on the non-relativistic or a relativistic scheme, EDF is a single consis-

tent frame designed to provide complete and detailed description of specific nuclei.
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It also gives estimation in the region of the nuclear chart where experimental data

are inaccessible. Moreover, it is a convenient way to ingress the problems related

with the infinite nuclear matter system such as neutron stars. One can work within

EDF using two distinct groups; the first associated with the realistic nucleon-nucleon

interaction, exercised to solves the Bethe-Goldstone equation in momentum space

as a consequence of this, the resulting energy density is complex with both the real

and the imaginary parts, and presents strenuous numerical problems. The second

group makes use of an effective nucleon-nucleon interaction like the Skyrme inter-

action to obtain the energy density that is real within the Hartree-Fock approx-

imation. The latter approach is usually applied to calculate the nucleus-nucleus

potential [69, 70, 76, 77] due to mathematically simpler structure of it. This for-

malism was first adopted by Vautherin and Brink (VB) [78] in order to study the

ground state properties of spherical nuclei derived from Skyrme interaction [79] and

enjoy special popularity because of its achievement in predicting properties of each

nuclei. The VB energy density is expressed in the form of the kinetic energy density

(τ), nucleon mass density (ρ) and the spin density (J). The full Hartree-fock (HF)

calculations were not possible in energy density formalism due to non availability

of adequate ‘τ ’ terms at Hartree-fock level. This problem was further rectified by

Grammaticos and Voros [80], who introduced the semi-classical approaches such as

Thomas-Fermi (TF) method or its extension the Extended Thomas Fermi (ETF)

used for obtaining Kinetic energy expression of the compound system. With the

help of semi-classical approaches, the total energy of the nuclear system become a

function of the nucleon density only. The Hamiltonian considered by Grammaticos

and Voros (GV) in [80] does not contain any spin dependent term, though, it is

well known that, in order to give better description of nuclear properties, the single-

particle nuclear Hamiltonian must include a spin-orbit part which comes into picture

after the success of Shell-Model. Consequently, to include the spin-orbit part, an

extension of GV work was made in [81] by extending the semi-classical expansions
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SECTION 1.5: INTERACTION POTENTIAL

to the realistic case where spin-orbit density dependent terms are accounted in the

effective one-body Hamiltonian. In semi-classical approach, the spin-orbit density

(Jq) depends on nucleon density as a result of this, Jq is non-zero for nuclei with

completely filled shell, which is not the case in microscopic shell model approach

where Jq=0 for such nuclei.

In view of above, in this thesis, I shall use the energy density formalism

given by Vautherin and Brink based on Skyrme interactions (discussed later in

Sec. 1.5.2) within semiclassical ETF approach. The interaction potential ob-

tained by EDF is usually calculated under two extreme physical assumptions:

(a) Adiabatic approximation: this approximation works suitably if the time

of collision of nuclei is larger than the relaxation time so that at each stage

of collision the nucleons of two ions take up the symmetric configuration. (b)

Sudden density approximation: this approximation is appropriate for the re-

actions where the time of collision is much less than the relaxation time as a result

of that nuclear density overlaps without changing their shapes. The sudden den-

sities due to anti-symmetrization can be defined without or with exchange effects,

and the one without exchange effects is named as frozen density approximation [82].

In the frozen density approximation, nucleon density ρq, kinetic energy density τq

(q=1,2 for target and projectile) and spin-orbit density Jq are assumed as the sum

of the corresponding densities of the projectile and target nuclei. Whereas in sud-

den approximation spin-orbit density and kinetic energy density are expressed as

a function of nucleon density, which corresponds to the sum of density of target

and projectile. Though both sudden and frozen approaches can be applied in EDF,

but recent analysis [83] on some Ni- and Ca-based medium to superheavy mass re-

gion reactions suggest that, fusion barriers obtained under frozen approximation are

more realistic than sudden approximation. Moreover, the barrier are formed at all

angular momentum states and orientation angles when frozen density is used, which

is not true for sudden approximation. In view of this, the present work is carried
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out in the framework of frozen density approximation.

1.5.2 Skyrme Interaction

Nuclei are the many body systems containing large number of nucleons such as

proton and neutron. However, in the path to understand the interaction between

these particles, we faced certain complications originated due to the posterior issues

(a) as a quantum many body system, large number of degrees of freedom of nu-

cleus were not considered in the thermodynamical and statistical approaches. The

finiteness of a nucleus was expected to play important part in the description of asso-

ciated properties (b) the nuclear force which plays determinant role in determining

nuclear properties is not that established in comparison to electromagnetic inter-

actions. Therefore to overcome above issues, suitable approximations are needed.

In the past three decades, for microscopic description of nucleon-nucleon interac-

tion, some mean field models such as Skyrme-Hartree-Forck scheme (SHF) [84], the

Gony force [85] and relativistic mean field force (RMF) [86] are commonly accepted.

These effective forces are fitted phenomenologically because of the insufficient under-

standing from nuclear many body theory. In such phenomenological forces, about

seven to ten adjustable parameters are good enough to describe the ground state

properties of many stable elements from 16O to the heaviest nuclei. Among different

phenomenological forces, the Skyrme interaction [79], a non-relativistic approach is a

topic of present interest. It is a conventional force with many adjustable parameters

applied to study the heavy-ion reactions from low to intermediate energies. In 1950,

Tony Skyrme proposed an effective nuclear interaction that was expected to occupy

the crucial features of in-medium interaction. Since the pioneering work of [78], the

Skyrme interaction has become famous for the absolute depiction of nuclear prop-

erties based on a self-consistent mean-field approach. Originally, standard Skyrme

effective force (SSEF) [78, 87–89] consists of zero-range central, density-dependent

and spin-orbit terms with 11 parameters. The SSEF performed successfully in a
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ample range of the nuclear chart, however as one move away from the valley of

β-stability, some nuclear properties couldn’t be precisely reproduced. To remove

this inadequacy, continuous modifications and generalization to the SSEF were sug-

gested by adjusting the nucleon effective mass m∗ and incompressibility factor K,

and new set of Skyrme force parameters were set up [90] now called as generalized

Skyrme effective forces (GSEF) [90–92]. Later on various Skyrme forces were made

available by prolonged efforts [92–94]. Reinhard and Flocard [95] has modified spin-

orbit term by adding extra spin-orbit coefficient W
′

0 and gave five parametrization

named as SkI1 (W0=W
′

0), SkI2 (W0=W
′

0), SkI3 (W
′

0=0), SkI4 (W0 6=W
′

0) and SkI5

(W0=W
′

0) Skyrme forces. Intense work has been devoted to improve the existing

parameterizations, in particular considering additional terms in the standard form.

B. K. Aggarwal et al. [92] has introduced six additional parameters in density de-

pendent term of Hamiltonian, fitted by some specific characteristics of normal and

isospin-rich nuclei. Until now these interactions have been successfully and exten-

sively used to study the nuclear reaction dynamics including nuclear structure, fusion

hindrance [96] and fusion-fission [97,98] at low energy. Till date, we have vast variety

of Skyrme forces, which provide a wide spectrum of barrier characteristics. In the

present thesis, different Skyrme forces are applied to address the experimental data

in vicinity of the barrier, where fusion hindrance and related nuclear phenomena

come into picture.

1.5.3 Analytical methods

Several attempts have been made to give simple and optimized form of nuclear po-

tential. The nuclear proximity potential [99] is widely accepted to address the sur-

face interaction effects of colliding/decaying nuclei. This phenomenological potential

uses a simple analytical expression for obtaining the nuclear interaction potential

and is extensively applied to address fusion-fission dynamics. It was first adopted by

Bass [100,101] for calculation of nucleus-nucleus interaction potential. Similar effort
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were done by Blocki et al. [99], who introduced a formula for calculating potential as

a function of separation distance of two interacting nuclei, which is popularly known

as Blocki pocket formula [99]. All the proximity potentials arise from the proximity

forces, based on generalized theorem given by Deryagin [102]. It states that, If two

gently curved objects or surfaces are put intently, then the force acquired by them

will be equivalent to the interaction potential per unit area among two flat sur-

face(s) designed from the same material. The proximity potentials are expressed as

a product of geometrical factor and a universal function. Over the years, many re-

finements and modifications have been made through the surface energy coefficients

or via nuclear radius [103,104]. With the passage of time, various methodologies are

developed which give wide range of barrier characteristics to address fusion fission

and related aspects of heavy ion reaction mechanism. In this thesis, Blocki et al.

potential is used to study the dynamics involved in compound nuclei formed via HI

induced reactions.

1.6 Motivation of the present work

In this thesis, we investigate the heavy ion collision and related dynamical aspects

at low energy region (E ≤ 15 MeV/nucleon) using the Wong formula and dynamical

cluster decay model. The main emphasis is to address the formation and decay

pattern of various nuclear systems by examining the problems related to follow-

ing aspects: (i) Effect of entrance channel, mass asymmetry, excitation energy and

deformations etc. in heavy ion reaction dynamics. (ii) Comparative analysis of phe-

nomenological and microscopic interaction potentials in nuclear reaction dynamics.

(iii) Influence of centrifugal potential via sticking and non-sticking moment of inertia.

(iv) Comparison of theoretical results with available experimental data and effort

to make possible predictions for future experiments. To carry out the study, various

compound nuclei and their isotopes such as 200Pb∗, 86,88,90,92Zr∗, 76Kr∗, 108,110Sn∗,
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214,216Rn∗, 72Se∗ and 56Ni∗ are considered.

The detail description of the theoretical work presented in this thesis is discussed

in chapters 3-6.

1.7 Organization of the Thesis

The thesis is organized as follows:

In Chapter 2 an extensive detail of nuclear models used to carry out the present

work is discussed. Wong formula is employed to describe the fusion process and the

dynamical cluster decay model (DCM) based on collective clusterization approach

is applied to address the decay process of various compound nuclei. DCM has the

advantage to treat various decay processes i.e., ER, IMF and fission fragments on

same grounding. The detail of nuclear potentials; obtained from the proximity the-

orem and other using Skyrme energy density formalism of Vautherin and Brink is

also reported.

In Chapter 3, it is intended to analyze the entrance channel dependence in

view of 16O+184W, 19F+181Ta and 30Si+170Er reactions, addressed respectively us-

ing Wong and DCM approach. The calculations are carried out using with both the

spherical and quadrupole (β2) deformed choices of nuclei. It is observed that, the

Wong formula overestimates the data for 19F- and 30Si- induced reactions, however

underestimate excitation function of 16O-induced reaction. While its extended ver-

sion, i.e. the `-summed extended Wong model, fits the experimental fusion cross-

section nicely for the 19F+181Ta and 30Si+170Er channels, however inadequate to

address the fusion data at few energies of 16O+184W reaction. The underestimation

of data persists even after inclusion of deformation effects and might be associated

with the contribution of non-compound nucleus (nCN) process. This lead us to

conclusion that, the formation of 200Pb∗ compound nucleus seems to depend on the

choice of incoming channel. Apart from this, entrance channel effects are further
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explored in the decay path of 200Pb∗ using DCM. An interesting result is that, al-

though, the overall decay pattern of compound nucleus 200Pb∗ seems similar for all

the chosen reactions though some signature of variation are observed in fission and

intermediate mass fragment (IMF) region for the deformed fragmentation process,

there by suggesting that the deformation and orientation of decaying fragment are

equally important in formation as well as in the decay process of proton magic nu-

clear system 200Pb∗. In addition to this, ER and fission cross-sections are predicted

within comprehensive energy range from 98 MeV to 128 MeV, an experimental veri-

fication is called for predicted cross-sections. Along with this, the dynamics involved

in neighboring isotopes of Pb i.e. 192Pb∗ and 202Pb∗ is also investigated.

In Chapter 4, the decay of even mass 86−92Zr∗ isotopes is studied in order to

observe the iso-spin and deformation effects. It is observed that the fragmentation

path of all Zr nuclei gets influenced with inclusion of deformation effects. Also, the

entrance channel independence is inspected in 92Zr∗ and 76Kr∗ systems both formed

via 16,18O-induced reactions. We further aimed to analyze the role of projectile mass

in the dynamics of spherical magic 108,110Sn∗ compound systems.

In Chapter 5, the relative effect of sticking and non-sticking limits of moment

of inertia is investigated in reaction dynamics of 214,216Rn∗ compound nuclei formed

respectively via 16,18O+198Pt channels. The role of different limits of moment of

inertia is examined on both spherical as well as deformed choice of fragments by

studying barrier characteristics and preformation probabilities of considered com-

pound systems. It is observed that, the barrier height (and corresponding position)

and the preformation paths of chosen systems change significantly while going from

INS to IS approach and also depend on the deformation and orientation of nuclei.

The DCM calculated ER cross-sections find nice agreement with experimental data

within both the sticking or non-sticking limits of interaction. This is true for spher-

ical as well as deformed choice of fragmentation. Whereas, ff data is fitted within

IS limit only specially after inclusion of higher order deformations. Further, within
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DCM, the ER survival probability of 214,216Rn∗ compound nuclei is calculated and

it is confirmed that 216Rn∗ system with N=130 has greater stability against fission

as compared to 214Rn∗ nucleus with N=128. Also the ff cross-sections are predicted

for 214,216Rn∗ nuclei within sticking limit of moment of inertia as the same seems to

be more preferable for emission of heavy fragments.

In Chapter 6, we have examined the role of deformations and orientations

on spin-orbit density dependent potential, obtained via the Skyrme energy den-

sity formalism (SEDF). For the purpose, 24−54Si+30Si reactions are considered with

spherical target 30Si and projectiles 24−54Si having prolate and oblate shapes. The

calculations suggest that, Si-nuclei with β2 <0 form most compact configuration

at (00, 1800), which further changes to (900, 1800) for nuclei with β2 >0. Further-

more, the possible role of spin-orbit potential is tested on barrier characteristics and

fusion cross-sections. Beside this, the effect of spin-orbit density dependent (VJ)

and independent (VP ) part of nuclear interaction potential is explored on various

entrance channels 23Na+49V,25Mg+47Ti,27Al+45Sc,29Si+43Ca and 31P+41K, forming

72Se∗ compound nucleus and on N/Z ratio of Se isotopes. Also, the role of double

spin-orbit parameter (W0 and W′

0) is explored on two nucleon transfer reactions in

view of SkI2, SkI3 and SkI4 Skyrme forces. The decay of 72Se∗ nucleus formed in

27Al+45Sc reaction is also explored within DCM, using both SEDF and proximity

based pocket formula. Moreover efforts are made to address the fusion hindrance

phenomena via barrier lowering parameter ∆VB of DCM in agreement to experi-

ment. The contribution of spin-orbit density dependent interaction potential is also

estimated in ER excitation functions of 27Al+45Sc reaction using single (W0) and

double spin-orbit parameter (W0 and W′

0) Skyrme forces.

Finally, Chapter 7, summarizes the result of the work presented in this thesis along

with possible extension for future prospective.
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Chapter 2

Methodology

2.1 Introduction

The main motive of this work is to address the excitation energy, angular momentum,

deformation and orientation effects associated with the formation and disintegration

of compound nucleus in low energy heavy ion induced reactions. For a proper un-

derstanding of dynamics involved, it is necessary to have an appropriate choice of

nuclear interaction potential. The nucleon-nucleon potentials fall into two classes

describe as phenomenological and microscopic methods. In this chapter, both kind

of nuclear potentials are discussed, one obtained from Blocki et al. potential based

on phenomenological picture and other using the well known Skyrme Energy Density

Formalism (SEDF) a microscopic method. In literature within energy density for-

malism two different functional forms of Hamiltonian density are available (i) one is

given by Bruckner et al. [1]- [4] and (ii) uses the density dependent Skyrme interac-

tions [5] as applied by Vautherin and Brink [6]. In the present thesis, later approach

is used for the estimation of microscopic potential due to its simple mathematical

structure discussed in section 2.2.

To account the fusion process, Wong formula [7]- [9] is applied in which tun-

nelling probability of composite system is estimated according to Hill-Wheeler ap-

proximation. The relevant information of Wong formula and its extended `-summed
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SECTION 2.2: SKYRME ENERGY DENSITY FORMALISM (SEDF)

form is presented in section 2.3. To govern the excited state decay of hot (T 6=0)

and rotating (` 6=0) compound nucleus (CN), the dynamical Cluster-decay Model

(DCM) [10]- [16], an extension of preformed cluster model (PCM) [17]- [22] (T=0

and `=0), is employed. DCM originates from the well known Quantum Mechan-

ical Fragmentation Theory (QMFT) [23]- [29], derived to study the dynamics in-

volved in heavy ion reaction. Compound nucleus is a complex body system which

even at lower excitation energies, involve large number of degree of freedom and

consequently opens the existence of number of decay channels. In such physical

conditions, the dynamical cluster decay approach emerges as an option to address

the competing decay paths of nuclear systems. Within DCM, the escape tunnelling

probability is calculated using the low-energy limit of the WKB formula, where the

entry point of the penetration path is defined through a neck-length parameter,

which is optimized to address the fusion-evaporation and fusion-fission excitation

functions adequately. The probability of formation of nascent fragments known

as ‘preformation probability’ (or spectroscopic factor) is calculated by solving the

time independent Schrodinger equation in mass asymmetry η-co-ordinate, which

also carry the structural information of the decaying compound nucleus. It should

be mentioned here that the prescription used in such a calculation is similar in spirit

to the Hauser-Feshbach theory, with the decay probability replacing the branching

ratio, Tf (`)/ΣjTj(`), where Tj(`) is the transmission coefficient of final channel j,

and Tf (`) is the same for the detected fragment f . An overview of DCM approach

is discussed in section 2.4. In the following section an attempt is made to give a

brief account of microscopic nuclear potential calculated in the framework of SEDF.

2.2 Skyrme Energy Density Formalism (SEDF)

In this section, the theoretical structure of the microscopic Skyrme Energy Den-

sity Formalism (SEDF) along with semiclassical extended Thomas-Fermi (ETF) ap-
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proach shall be discussed to parameterize the nucleus-nucleus interaction potential

and subsequently to study the fusion barrier and fusion-fission excitation functions.

The nuclear interaction potential VN(R) between colliding nuclei can be defined as

VN(R) = Etot(R) − E1 − E2 (2.1)

where Etot(R) is the total energy expectation value of the reacting parters at

distance R (center to center), whereas the individual energies of non-interacting

projectile and target nuclei is represented by E1 and E2. The energy expectation

values Etot(R), E1 and E2 are further obtained by volume integration of Hamiltonian

density H(r) as,

Etot(R) =
∫

H[ρp(~r), ρn(~r)]d~r, (2.2)

Ei(R) =
∫

H[ρip(~r), ρin(~r)]d~r, (i = 1, 2) (2.3)

Here ρip(r), ρin(r) are proton and neutron densities of non-interacting nuclei and

ρp(r), ρn(r) densities of interacting nuclei.

H(r) in above equation stands for energy density functional given as in [6, 30],

including the kinetic energy contribution τ(r) and nuclear interaction parts Hsky(r),

H(ρ, τ, ~J) =
h̄2

2m
τ +Hsky(r) (2.4)

The kinetic energy density τ is then calculated by extended Thomas fermi ap-

proximation of Bartel et al. [31] reads as

τq(~r) =
3

5
(3π2)2/3ρ5/3

q +
1

36

(~∇ρq)
2

ρq

+
1

3
∆ρq +

1

6

~∇ρq · ~∇fq + ρq∆fq

fq

−
1

12
ρq





~∇fq

fq





2
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+
1

2
ρq

(

2m

h̄2

)2




W0

2

~∇(ρ+ ρq)

fq





2

, (2.5)

with the effective mass form factor (fq),

fq(~r) = 1 +
2m

h̄2

1

4

{

t1(1 +
x1

2
) + t2(1 +

x2

2
)
}

ρ(~r)

−
2m

h̄2

1

4

{

t1(x1 +
1

2
) − t2(x2 +

1

2
)
}

ρq(~r). (2.6)

Now the Skyrme nuclear interaction is given as

Hsky(r) =
1

2
t0

[

(1 +
1

2
x0)ρ

2 − (x0 +
1

2
)(ρ2

n + ρ2
p)
]

+
1

2

3
∑

i=1

t3iρ
αi

[

(1 +
1

2
x3i)ρ

2 − (x3i +
1

2
)(ρ2

n + ρ2
p)
]

+
1

4

[

t1(1 +
1

2
x1) + t2(1 +

1

2
x2)

]

ρτ

−
1

4

[

t1(x1 +
1

2
) − t2(x2 +

1

2
)
]

(ρnτn + ρpτp)

+
1

16

[

3t1(1 +
1

2
x1) − t2(1 +

1

2
x2)

]

(~∇ρ)2

−
1

16

[

3t1(x1 +
1

2
) + t2(x2 +

1

2
)
]

×
[

(~∇ρn)2 + (~∇ρp)
2
]

+
1

2
W0

[

ρ~∇ · ~J
]

+
1

2
W ′

0

[

ρn
~∇ · ~Jn + ρp

~∇ · ~Jp

]

−
[

1

16
(t1x1 + t2x2) ~J

2 −
1

16
(t1 − t2)( ~J

2
p + ~J2

n)
]

(2.7)

Here, the nuclear and spin-orbit densities are represented by ρ and ~J . tj, xj

(j=0,1,2), t3i, x3i, αi, (i=1,2,3), A refers to the Skyrme force parameters and W0,

W′

0 denotes the strength of spin-orbit interaction. The various terms in Eq 2.4 and
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Eq 2.7 have a particular meaning as (h̄2/2m) determine the density dependence of

effective mass, ρτ takes care of relativistic force, (~∇ρ)2 is responsible for surface

effects and ~∇ · ~J term is used to understand the structure of spin-density potential.

Some of the authors have modified standard Skyrme functional by revisiting some

parts of original Skyrme force(s) by adding an extra term in spin-orbit part. A

subsequent extension comes from Reinhard and Flocard [30] which leads to SkI2,

SkI3 and SkI4 Skyrme forces. In SkI2 force W0=W′

0, for SkI3 W′

0=0 and for SkI4

W0 6=W′

0. In original Skyrme force W0=W′

0 only as in SIII force [32]. The last

term in the Hamiltonian represents the tensor coupling with spin and gradient.

Author of [33] has introduced new Skyrme parameter set known as SKRA force

with contribution from tensor coupling term but contain single spin-orbit parameter

i.e. W0=W′

0 only. Recently, some new Skyrme forces named as ‘GSkI and GSkII’

are given by Agarwal and collaborators [34] with additional six parameters in the

third term of the Hamiltonian. These forces are found to account better for nuclear

interactions and adequately describe finite nuclei at low and intermediate energies.

It is relevant to mention here that the use of different Skyrme forces enables us

to have a variety of barrier characteristics and hence the addressal of fusion cross-

section gets significantly influenced due to the barrier modification component. This

barrier modification helps us to address the fusion enhancement/ fusion hindrance

somewhat similar to that of coupled channel approach (the results are discussed in

chapter 6).

In Eq. (2.7), spin density ~J is given by

~Jq(~r) = −
2m

h̄2

1

2
W0

1

fq

ρq
~∇(ρ+ ρq), (2.8)

Note that each of τq, fq and ~Jq are functions of ρq and/ or ρ alone.

Densities of composite system ρ = ρ1 + ρ2 with ρi = ρin + ρip (i=1,2), and the

τ(ρ) and ~J(ρ) are added under frozen density approximation, as follows:
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Figure 2.1: A Schematic view of nucleon-nucleon interaction within Skyrme ap-
proach [35].

τ(ρ) = [τ1n(ρ1n) + τ1p(ρ1p)] + [τ2n(ρ2n) + τ2p(ρ2p)],

~J(ρ) = [ ~J1n(ρ1n) + ~J1p(ρ1p)] + [ ~J2n(ρ2n) + ~J2p(ρ2p)], (2.9)

The nuclear interaction potential in Eq. (2.1) is calculated by using slab approx-

imation method [36] given as

VN(R) = 2πR̄
∫

∞

s0

e(s)ds

= 2πR̄
∫

{

H(ρ, τ, ~J) − [H1(ρ1, τ1, ~J1) +H2(ρ2, τ2, ~J2)]
}

dZ

= 2πR̄
∫

{

(H(ρ) − [H1(ρ1) +H2(ρ2)]) +
(

H( ~J) − [H1(~J1) +H2(~J2)]
)}

dZ

= VP (R) + VJ(R). (2.10)

Here, VJ(R) and VP (R) are spin unsaturated (density dependent) and spin saturated

(density independent) parts of nuclear interaction potential. The mean curvature

radius, R̄ = R1R2/(R1 + R2), defines the geometry of the system. It is to be noted

here that, the surface integral of e(s) is a universal function, independent of the
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geometry of the colliding nuclei.

Temperature dependent nuclear density (ρi)

The nuclear density used in Eq. (2.7) can be evaluated from different models

such as Thomas Fermi Density (TFD), Two Parameter Fermi Density (FD), Shell

Model Density (SMD) and Uniform Gaussian Density (UGD) etc. In this work,

nuclear density ρi is obtained from the two-parameter Fermi density as the same is

more realistic for heavy ion collisions, which is further made temperature dependent

by Bartel et al. [37] as

ρi(zi) = ρ0i(T )

[

1 + exp

(

zi −Ri(T )

ai(T )

)]

−1

−∞ ≤ z ≤ ∞ (2.11)

with z2 = R− z1 = [R1(α1) +R2(α2) + s] − z1, and central density

ρ0i(T ) =
3Ai

4πR3
i (T )

[

1 +
π2a2

i (T )

R2
i (T )

]

−1

. (2.12)

Since ρi = ρni
+ ρpi

, therefore we define neutron and proton densities as ρni
=

(Ni/Ai)ρi and ρpi
= (Zi/Ai)ρi.

The radius vector Ri(T ) in Eq. 2.11 is defined as

Ri(T ) = R0i(T )[1 +
∑

λ

βλiY
(0)
λ (αi)], (2.13)

with half density radii R0i is given by

R0i(T = 0) = 0.9543 + 0.0994Ai − 9.8851 × 10−4A2
i

+4.8399 × 10−6A3
i − 8.4366 × 10−9A4

i (2.14)

The surface thickness parameters ai at T=0 for the mass region A=4-238 is
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FORMULA

obtained from [38,39]

ai(T = 0) = 0.3719 + 0.0086Ai − 1.1898 × 10−4A2
i

+6.1678 × 10−7A3
i − 1.0721 × 10−9A4

i . (2.15)

The temperature-dependence T in above equations is then included via [40],

R0i(T ) = R0i(T = 0)[1 + 0.0005T 2],

ai(T ) = ai(T = 0)[1 + 0.01T 2]. (2.16)

The nuclear potential described in this section shall be used to calculate the fu-

sion cross-section within Wong approximation discussed in section 2.3 and the decay

cross-sections in the framework of the dynamical cluster decay model as describe in

section 2.4. The detail of calculations and results are discussed in subsequent chap-

ters.

2.3 Fusion cross-section using Wong formula

Within partial wave analysis, Wong [7] has derived an expression of fusion cross-

section as

σ(Ec.m., θi) =
πh̄2

2µEc.m.

∑

`

(2`+ 1)P`(Ec.m., θi), (2.17)

P` is the tunnelling probability determined for each ` that describe the penetra-

tion of barrier V`
T ,

V `
T (R,Ec.m., θi) = VN(Ai, R, T, βλi, θi) + VC(Zi, R, T, βλi, θi) + V`(Ai, R, T, βλi, θi),

(2.18)

Here VC , VN and V` correspond to the temperature-dependent Coulomb, nu-

clear and centrifugal potentials, discussed later in sections 2.5.1, 2.5.2 and 2.5.3
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respectively and Ai and Zi are the mass and charge number of interacting nuclei.

βλi
, λ=2,3,4 are the static quadrupole, octupole and hexadecapole deformations of

colliding partners.

Based upon parabolic approximation of the effective interaction potential be-

tween colliding nuclei, Hill and Wheeler [41] proposed following expression for tun-

nelling probability P`,

P` =

[

1 + exp

(

2π(V `
B(Ec.m., θi) − Ec.m.)

h̄ω`(Ec.m., θi)

)]

−1

, (2.19)

with curvature h̄ω`(Ec.m., θi), calculated at the barrier position R = R`
B corre-

sponding to the maximum barrier height V `
B(Ec.m., θi), given as

h̄ω`(Ec.m., θi) = h̄
[

|d2V `(R)/dR2|R=R`

B

/µ
]1/2

, (2.20)

and, the R`
B calculated from the condition

|dV `
T (R)/dR|R=R`

B

= 0 (2.21)

The above expression of penetrability was further simplified by Wong via impos-

ing some assumptions on barrier position, curvature and height

i) h̄ω` ≈ h̄ω0, and (ii) V `
B ≈ V 0

B + h̄2`(`+1)

2µR0

B

2 ,

In other words, both V `
B and h̄ω` are independent of ` and V0

B is the sum of

nuclear proximity potential VP and Coulomb potential VC at R = R0
B.

V 0
B = VP (Ai, R = R0

B, βλi, Ec.m., θi) + VC(Zi, R = R0
B, βλi, Ec.m., θi) (2.22)

Since infinite number of partial waves contribute to the fusion process, hence,
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the summation in Eq. (2.17) can be replaced by an integral over `. By using above

assumptions, the fusion cross-section determined for each orientation is obtained as,

σ(Ec.m., θi) =
R0

B
2
h̄ω0

2Ec.m.

ln
[

1 + exp
(

2π

h̄ω0

(Ec.m. − V 0
B)
)]

, (2.23)

This expression is known as Wong formula.

On integration over orientation angle θi (i=1,2) the fusion cross-section at the

given center of mass energy Ec.m. becomes,

σ(Ec.m.) =

∫ π/2

θi=0
σ(Ec.m., θi)sinθidθi. (2.24)

Although Wong formula gives satisfactory description of fusion cross-section near

the Coulomb barrier, but overestimates the same at the higher incident energies, due

to the consideration of all angular momentum values (though the barrier character-

istics are calculated for s-wave only). In view of this, Gupta et al. [9] suggested

the extension of Wong formula to include `-summation explicitly in Eq. (2.17) and

calculated the barrier characteristics such as V`
B, R`

B and h̄ω` at various `-values.

This modified version is known as `-summed extended Wong formula or `-summed

Wong formula. In this extended form, the `-summation is done from `=0 to `max

rather than upto ∞. This method is reasonably good for addressing the fusion

cross-section at higher incident energies, however demands modification of barrier

at sub-barrier region. Which is further done by employing different proximity poten-

tials or by using different Skyrme forces in Semi-classical extended Thomas-Fermi

(SETF) approach, giving different barrier characteristics.

After describing the formulation for fusion cross-section, the subsequent decay

channels of excited compound nucleus can be addressed via dynamical cluster decay

model (DCM) discussed below in Section 2.4. A flow chart presenting both nuclear
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Figure 2.2: Flow chart of nuclear models used to study formation and decay of
compound nucleus.

models is shown in Fig. 2.2

2.4 Decay of excited compound nucleus using the

Dynamical Cluster-decay Model (DCM)

The dynamical cluster decay model (DCM) is based on a non-statistical descrip-

tion within the framework of quantum mechanical fragmentation theory (QMFT),

where all decay modes such as light particle emission (LPs), intermediate mass frag-

ments (IMFs) and fusion-fission (ff) etc are estimated simultaneously in one set of
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calculation and also bring out the nuclear structure information in terms of prefor-

mation probability of decaying fragments. The static properties of the nucleus are

describe by the potential energy, whereas for exploring nuclear dynamics, in addi-

tion to potential energy, the mass parameters are used as paramount tool to address

the kinetic energy contribution. In this formalism, the decay of excited compound

nucleus is investigated by incorporating the temperature and angular momentum

effects, along with the influence of deformation and orientation degree of freedom.

The methodology used can be described in terms of five co-ordinates (i) Neck pa-

rameter ε, defined by the ratio ε = E0/E
′, where E0 and E ′ exhibit the actual and

fixed height of the barrier, of the two center oscillator. ε = 1 represents that, the

neck is fully squeezed in, whereas for broad neck formation ε = 0 (corresponding to

the asymptotic region). (ii) relative separation coordinate R between the two frag-

ments or, two nuclei. (iii) The collective surface co-ordinate or simply deformation

of target and projectile βλi (λ=2, 3, 4... and i=1, 2) and the orientation degrees

of freedom θi(i = 1, 2) of the two deformed colliding nuclei. (iv) The azimuthal

angle φ formed between the principal planes of the two colliding nuclei. (v) the

mass (and charge) co-ordinate [23, 28] defined as, ηA = (A1 − A2)/(A1 + A2) (and

ηZ = (Z1 − Z2)/(Z1 + Z2). Here A1, A2 and Z1, Z2 respectively refer to mass and

charge number of two fragments.

In terms of above coordinates, the collective Hamiltonian is written as H=K(η,

R, β, θ, φ)+V(η, R, β, θ, φ), where K attributes to Kinetic energy and V to

the potential energy. For fixed orientation, the mass η is fixed by minimizing the

potential V in the η coordinate, which fixes the deformation also. Moreover, the

colliding nuclei being in same plane correspond to φ=0, where for non-coplanar

interactions one should take φ6=0.

Thus, for fixed β, θ and φ, both η and R contribute to study the decay cross-
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section in terms of partial wave analysis defined as [42,43]

σ =
`max
∑

`=0

σ` =
π

k2

`max
∑

`=0

(2`+ 1)P0P ; k =

√

2µEc.m.

h̄2 (2.25)

where, `max is the maximum value of angular momentum, calculated at a

point where light particle cross-sections become negligibly small i.e., σER(`) →0.

µ=mA1A2/(A1 + A2) is the reduced mass with nucleon mass m. P0 is the proba-

bility of formation of fragments at compound nucleus state calculated in η-motion

and P is the barrier penetrability of decaying fragments related to R-motion. The

brief description of P0 and P is discussed in subsequent subsections.

In DCM, η and R co-ordinates are characterized by the nucleon divi-

sion/exchange between outgoing fragments and by the devolution of kinetic energy

of incident channel (Ec.m.) to total excitation energy (TXE) and or total kinetic

energy (TKE) (internal excitation) of the outgoing channel. Therefore, the energy

transfer process is expressed as following

E∗

CN = Ec.m. +Qin =| Qout(T ) | +TKE(T ) + TXE(T ). (2.26)

The semi-empirical statistical formula [44] is used to calculate the nuclear tem-

perature T at compound nuclear stage, which is related to the energy of excited

compound nucleus E∗

CN , as:

E∗

CN =
1

a
AT 2 − T = Ec.m. +Qin (MeV ). (2.27)

where a is the level density parameter. Its value may vary from 8 to 11 depending

on the mass of the CN. The Q-value of the incoming channel ‘Qin’ is obtained by

Qin = B1 +B2 −BCN where B’s shows the the binding energies.

The average total kinetic energy <TKE> liberated in the decay process is calcu-
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lated by, <TKE>=
∑`max

`=0
σ`(A2)
σ(A2)

TKE(`, A2). This equation implies that, the TKE

calculated at ` is averaged over its corresponding production cross-section σ` with

respect to total cross-section σ(A2) =
∑`max

`=0 σ`(A2).

2.4.1 Solution of preformation probability P0

For calculating the quantum mechanical preformation probability of finding the

mass fragment A1 and A2 corresponding to charges Z1 and Z2 respectively at a fixed

point, we solve the time independent Schrödinger wave equation in mass asymmetry

co-ordinate (η=A1−A2

A1+A2

) at R=Ra (defined later)



−
h̄2

2
√

Bηη

∂

∂η

1
√

Bηη

∂

∂η
+ V (η)



ψν(η) = Eν
ηψ

ν(η), (2.28)

Here ν = 0, 1, 2..., referring to ground state and excited state solutions. On solv-

ing Eq. (2.28), | ψν(η) |2 provides the probability P0 of finding the mass distribution

as, P0 ∝ | ψν(η) |2 which for Boltzmann like function reads as,

| ψ(η) |2=
∞
∑

ν=0

| ψν(η) |2 exp(
−Eν

T
) (2.29)

It is evident from above expressions that, the temperature effects are duly incorpo-

rated in the preformation factor P `
0 which is calculated using the collective cluster-

ization method. In Eq. (2.28), Bηη is the mass parameter used to define the kinetic

energy term. In the present work, simple classical model given by Kröger and Scheid

for mass transfer in heavy ion collision [45] is used to account for hydrodynamical

mass parameter Bηη, which read as

Bηη =
AmR2

4

[

vt(1 + γ)

vc(1 + δ2)
− 1

]

(2.30)
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with

γ =
Rc

2R

[

1

1 + cosϑ1

(

1 −
Rc

R1

)

+
1

1 + cosϑ2

(

1 −
Rc

R2

)]

(2.31)

δ =
1

2R
[(1 − cosϑ1)(R1 −Rc) + (1 − cosϑ2)(R2 −Rc)] (2.32)

vc = πR2
cR (2.33)

In Eq. (2.30), vt (=v1 + v2) is the total conserved volume. For two touching

sphere ϑ1 = ϑ2 = 0, δ = 0. The radius of a cylinder Rc( 6= 0) of length R is assumed

for the mass transfer between the two spherical fragments, having a homogeneous

flow in it (see Fig.1 of [45]).

2.4.2 Analytical method to calculate barrier penetrability

‘P ’

The barrier penetrability or transmission probability P is solved analytically [22]

using the WKB integral [46], and reads as

P = exp





−
2

h̄

Rb
∫

Ra

{2µ[V (R) −Qeff ]}
1/2dR





 . (2.34)

Qeff refers to effective Q-value of decay process and V(R) is the scattering po-

tential given as a sum of Coulomb (VC) nuclear proximity (VN) and centrifugal

(V`) potentials (discussed later in sections 2.5.1, 2.5.2 and 2.5.3 respectively). The

limits over integral means that the fragments start penetration of barrier at R = Ra

and terminates at R = Rb. Since in DCM single penetration path is adopted as a

result of this the potential at positions Ra and Rb remain same or equal and reads

as V (Ra, T ) = V (Rb, T ) = TKE(T ) = Qeff , where V (Ra) and V (Rb) represent

the scattering potentials experienced by the fragment during entry and exit of the

52



SECTION 2.4: DECAY OF EXCITED COMPOUND NUCLEUS
USING THE DYNAMICAL CLUSTER-DECAY MODEL (DCM)

Figure 2.3: The scattering potential for the decay of 92Zr∗→16O+76Ge using Blocki
et al. potential. The barrier penetration points and barrier lowering parameter ∆VB
are also shown at extreme `-values.

barrier as represented in Fig. 2.2. The entry point is calculated as

Ra = R1(α1, T ) +R2(α2, T ) + ∆R(η, T )

= Rt(αi, T ) + ∆R(η, T ), (2.35)

The radius vector Ri(αi, T ), through which deformation and orientation effects

are added, is defined as

Ri(αi, T ) = R0i(T )[1 +
∑

λ

βλiY
(0)
λ (αi)], (2.36)

and

R0i(T ) = R0i(1 + 0.0007T 2). (2.37)
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Here β is the deformation parameter with λ=2,3,4... corresponds to quadrupole,

octapole and hexadecapole deformations. αi is an angle formed by the radius vec-

tor Ri with the symmetry axis (see Fig. 2.4), measured clockwise. ∆R refers to

the neck-length parameter which assimilated the neck formation effects as taken in

Asymmetric Two Center Shell Model (ATCSM) [23]. In DCM, for the uniquely

fixed co-ordinates as explained earlier, the decay cross-sections are attained using

the only parameter of model i.e. neck-length ∆R. In general, for a variety of nuclei

studied using DCM, it has been observed that ∆R in general increases with increase

in incident energy [16,47].

The deformations added here are the temperature independent or static defor-

mations βλi(0). Since at higher excitation energies, the static deformation start

approaching zero [48,49], therefore the deformation parameter needs to be temper-

ature dependent [49–51], and corresponding dynamics deformations are evaluated

as

βλi(T ) = exp(−
T

T0

)βλi(0), i = 1, 2 (2.38)

where T0= 1.5 MeV refers to the temperature of the nucleus at which shell effects

start to disappear [50].

It may be noted that with the incorporation of deformations (β1,β2....βn), a gener-

alized force acts on a nucleus which may be studied through tensor of inertia or the

effective mass parameter Bij. In reference to the work of D. N. Poenaru et al. [52],

it may be said that, for incompressible irrotational approach, the effective mass is

nearly similar to reduced mass µ, as used in Eq. (2.34).

2.5 Fragmentation potential

To analyze the dynamics involved in various compound systems, the potential energy

surfaces (PESs) are studied in terms of fragmentation potential which is the major
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SECTION 2.5: FRAGMENTATION POTENTIAL

Figure 2.4: Schematic picture of two prolate deformed nuclei with their orientation
angles and α’s lying in the same plane.

ingredient of stationary Schrödinger equation. It helps to understand the forces act-

ing on the fragments originating from different potential components and thus help

in estimating the relative stability of decaying fragments. Therefore the tempera-

ture, deformation and orientation dependent fragmentation potential or collective

potential energy is given as,

V (η,R, `, T ) =
2
∑

i=1

VLDM(Zi, Ai, T, βλi) +
2
∑

i=1

δUi exp(−T 2/T 2
0 )

+VC(Zi, R, T, βλi, θi, φ) + VN(Ai, R, T, βλi, θi, φ)

+V`(Ai, R, T, βλi, θi, φ) (2.39)

In above equation, first two terms corresponds to the binding energies (B.E) of

the outgoing fragments calculated within Strutinsky renormalization procedure [53].

In the macro-microscopic method of Strutinsky, the B.E is the sum of temperature-

dependent liquid drop model energy VLDM (macroscopic part) given by Davidson

et al. [54] based on Seeger’s [55] semi-empirical mass formula and “empirical” shell

corrections (microscopic part) δU of Myers and Swiatecki [56]. In this work, binding
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energies are taken from the experimental work of Audi-Wapstra [57]. However, for

those nuclei where experimental B.E is not available, the theoretical estimates of

Möller et al. [58] tabulated for Z ≥ 8 are opted. In order to have proper description

of binding energies for complete mass range, the authors of [42] have modified the

empirical method of Myers-Swiatecki (given for Z ≤ 16) and estimated the shell

corrections for light mass nuclei.

In recent years, the extension of microscopic corrections with inclusion of de-

formations has been effectively studied by R. A. Gherghescu et al. [59, 60] through

deformed two-center shell model, which describes the evolution of single particle

levels from parent potential to that of two fragment potential. Apparently, such

inclusion of deformations in shell correction may result some modification in the

potential depth. In the present work deformations are included through radius term

as mention in Eq. (2.36).

2.5.1 The Coulomb potential (VC)

Coulomb potential (VC) arises due to the electro-static force of repulsion acting be-

tween the two charged ions (or nuclei). The Coulomb potential between spherically

symmetric nuclei is simply describe as

Vc =
Z1Z2e

2

R
(2.40)

If the interacting nuclei are deformed and oriented, then the above expression is

accordingly modified. Several authors [7, 61–63] have given various expressions for

the interaction between two hot, deformed and oriented nuclei given such as [61]:

Vc(Zi, βλi, θi, αi, T ) =
Z1Z2e

2

R(T )
+ 3Z1Z2e

2
∑

λ,i=1,2

1

2λ+ 1

Rλ
i (αi, T )

R(T )λ+1
Y

(0)
λ (θi)

[

βλi +
4

7
β2

λiY
(0)
λ (θi)

]

, (2.41)
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Y
(0)
λ (θi) represents the spherical harmonics function.

2.5.2 The nuclear Proximity Potential for deformed and ori-

ented nuclei (VN)

All the proximity potentials arise from proximity forces, based on generalized force

theorem, according to which: when two nuclear surfaces interact within a distance

of < 2fm, or when a nucleus is at the point of breaking into two fragments, then the

two surfaces actually face each other. In both the cases, the surface energy term is

insufficient to explain the attraction between two surfaces and hence some additional

forces are required. Such additional attractive forces are named as proximity forces

and related potential is called the proximity potential. The proximity force originally

given by Deryagin [64], was reanalyzed and extended by Blocki et al. [65]. The

original expression of proximity potential was applicable for spherical nuclei only,

which was extended further by authors of [66] for two deformed and oriented nuclei

as,

VN(Ai, R, T, βλi, θi) = 4πR̄(T )γb(T )Φ(s0(T )) (2.42)

Here Φ(s0) is the universal function, independent of the geometry of nuclear system,

but depends on the minimum separation distance s0,

Φ(s0) =











−1
2
(s0 − 2.54)2 − 0.0852(s0 − 2.54)3; s0 ≤ 1.2511

−3.437exp(− s0

0.75
); s0 ≥ 1.2511

(2.43)

s0 is defined in terms of nuclear surface diffuseness b, i.e. s0/b. The temperature

dependence in b [67] is added via the following expression

b(T ) = 0.99(1 + 0.009T 2). (2.44)
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In the expression of VN , γ is the specific nuclear surface tension defined as

γ = γ0

[

1 − ks

(

N − Z

A

)2
]

MeV fm−2 (2.45)

Here N and Z are the total number of neutrons and protons. In the present version,

the value of coefficients γ0, ks is 0.9517 MeV/fm2 and 1.7826 respectively. This

potential is referred as Proximity 77 or Prox 77.

R̄(T ) for spherical reacting partners reads as,

R =
R1R2

R1 +R2

(2.46)

with radius vector, Ri (i=1,2)

Ri =
[

1.28A
1/3
i − 0.76 + 0.8A

−1/3
i

]

. (2.47)

and for two deformed and oriented nuclei is expressed as

1

R̄2
=

1

R11R12

+
1

R21R22

+
[

1

R11R21

+
1

R12R22

]

sin2φ

+
[

1

R11R22

+
1

R21R12

]

cos2φ. (2.48)

Ri1 and Ri2 are the radii of curvature of the two nuclei (i=1,2) at the points

of closest approach (defining s0 in Fig. 2.4). φ is the azimuthal angle between the

principal planes of curvature of two nuclei which for co-planar nuclei φ=00.

There are varieties of proximity potential such as Prox 77, Bass 80, Prox 88, Mod

prox 88 etc., but we have used Prox77 in our analysis. Alternatively we discussed

in section 2.2 for obtaining the contribution of nuclear interaction potential.
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2.5.3 Centrifugal potential (V`)

Centrifugal potential originates due to the presence of pseudo or fictitious forces

(inertial forces) pointing away from the axis of rotation. It appears to act on all

objects when viewed in a rotating frame of reference. Such forces are governed by

the angular momentum ` and play a pivotal role in describing the nuclear dynamics.

The angular momentum in rotating nucleus can be effectuated either by alignment of

single-particle angular momentum along the rotation axis or via collective rotation.

The relation between rotational energy, angular momentum and related moment

of inertia is given by,

V`(Ai, T, βλi, θi, αi) =
`(`+ 1)h̄2

2I(T )
(2.49)

where I represents the moment of inertia (MOI) of rotating system. Basically the

moment of inertia depends on following factors such as: the axis upon which the

system is rotating, mass(es) of nuclei and distance between the contributing nuclei

and axis of rotation. For moment of inertia I, Cindro and Pocanic [68] considered the

rotation of two touching spheres with masses A1 and A2 and radii R1 and R2 about

their common center of mass. The resultant configuration with limit R=R1+R2 is

known as “sticking” moment of inertia (IS) such that,

IS(T ) = µR2 +
2

5
A1mR

2
1(α1, T ) +

2

5
A2mR

2
2(α2, T ). (2.50)

which for the separated nuclei (R>R1+R2), becomes simply equal to

INS(T ) = µR2 (2.51)

called as “Non-sticking” limit [69].

In above equations, m is the nucleon mass and µ is the reduced mass of inter-

acting nuclei. The use of reduced mass alone in Eq. (2.51) indicates the prompt
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Figure 2.5: Variation of moment of inertia as a function of internuclear distance R.

emission of outgoing fragments. The variation of both the choices of moment of

inertia as a function of inter nuclear distance R is shown in Fig. 2.5. Alternatively

one can use other hypothesis such as rolling and sliding conditions.

Noting that, experimentally, the rotational momentum number ` is estimated

using the MOI in non-sticking limit. However, in DCM, the preference of employing

sticking limit of MOI is due to the use of Blocki et al. proximity potential with neck-

length surface ∆R ≤ 2 fm, thereby increasing the limiting angular momentum as

compared to INS limit, where lesser number of partial waves contribute towards the

reaction cross-sections. The previous studies [70] suggest that, both IS and INS limits

are equally good to study evaporation residue process, although, in fission process

IS seems to perform better. These observations are for independent addressal of

ER and fission paths. In order to generalize this aspect, we intended to carry out a

comprehensive decay analysis of heavy ion-induced reactions exhibiting evaporation

residue and fission paths over a common range of center of mass energy. In the

present work, both sticking and non-sticking limits are used to analyze the decay

path of excited 214,216Rn∗ compound nuclei and the results are discussed in chapter

5.

60



SECTION 2.5: FRAGMENTATION POTENTIAL

2.5.4 Barrier lowering/Barrier modification effect

In heavy ion induced reactions, the formation of CN hinders with the increase in

mass number of colliding partners, due to the presence of strong dissipative forces.

In recent times, it has been observed that, some of the reactions show unexpected

behavior at sub-barrier energies caused by the macroscopic properties of colliding nu-

clei. For such reactions, fusion excitation-functions decrease abruptly at sub-barrier

energies. This phenomena is known as fusion-hindrance. Some of the theoretical

models like conventional coupled-channels calculations (ccc) address this anomalous

behavior by including coupling effects. Misicu and Esbensen [71] have proposed a

new mechanism where this steep falloff is associated with the saturation properties

of nuclear matter, which consequently modify the inner part of the nuclear poten-

tial. Beside this, Ichikawa et al. [72] explain fusion hindrance phenomena using a

dynamical two-step model based on adiabatic picture. In last two approaches the

repulsive core is exploited to amend the shape of potential pocket.

In the DCM the barrier lowering at sub-barrier energies originates automatically

during the optimization of the neck-length parameter ∆R. The barrier modification

∆VB is estimated by subtracting the potentials at first turning point Ra (V(Ra))

and the top of the barrier (VB) (see Fig. 2.3). Mathematically ∆VB in DCM is

given by

∆VB(`) = V (Ra, `) − VB(`) (2.52)

Noting that ∆VB is a negative number, whose magnitude increases with decrease

in incident energy.
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Sǎndulescu, R. K. Gupta, W. Scheid and W. Greiner, Phys. Lett. 60B, 225

63
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Chapter 3

Entrance channel effects in 200Pb∗

formed in 30Si+170Er, 16O+184W

and 19F+181Ta reactions

3.1 Introduction

Entrance channel effect on fusion-fission dynamics has been investigated for last few

decades on consistent basis. This concept draws attention because of many open

questions in the related area. Depending on the entrance channel mass asymmetry

and deformation involved, the dynamical path to fusion-fission process differ signif-

icantly. The fusion of two nuclei is a complex process and can be best understood

via compound nucleus (CN) decay products, such as the fusion-evaporation residue

(ER), intermediate mass fragment (IMF) and fusion-fission (ff) process. The ff com-

prises either symmetric fission, asymmetric or near- symmetric fission (nSF) and/or

heavy mass fragment (HMF). In addition to CN process some non-compound pro-

cesses such as, deep inelastic collision (DIC), quasi-fission (qf), incomplete-fusion

(ICF) etc may also occur depending upon the beam energy, mass asymmetry and

nature of projectile used. It is worth noticing that qf occurs at early stage of the

collision when two fragments are linked by a neck and nucleon start shifting from
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heavy fragment towards the lighter ones. The two fragments then get re-separated

with same or higher mass symmetry than the entrance channel, without forming a

CN. In fact, the qf process is a dynamical mechanism depending on the characteris-

tics of the entrance channel, while CN fission is purely statistical and is determined

by the temperature and angular momentum involved. The fusion-fission process

of incoming channel depends upon the barrier formed by different potentials like

long-range Coulomb and short range nuclear potentials. The incoming projectile

must have sufficient energy to cross the barrier, which indicates that the barrier

characteristics are important for studying the ff-process.

Earlier, experiments [1, 2] were performed at different center-of-mass energies

(Ec.m.) ranging from 107.40 MeV to 136.96 MeV in order to measure the ER and fu-

sion cross-section of spherical compound nucleus 200Pb∗, formed in reaction with 30Si

projectile and 170Er target. Since 200Pb∗ is a spherical and stable system, with magic

Z, so it is of interest to study the role of deformation in the decay and formation of

200Pb∗ nucleus. The same CN was formed using 16O+184W and 19F+181Ta [1, 3, 4]

with Ec.m. ranging from 77.19 MeV to 110.56 MeV. Since at `=0h̄, the nucleus-

nucleus interaction potential for relatively asymmetric system is wider and deeper,

so the measured cross-sections of the fission like and ER fragment for 16O+184W re-

action are larger than those for 19F and 30Si induced reactions. These facts directly

indicate the experimental signature of entrance channel effect in 200Pb∗ nucleus,

which motivate us further to study the role of entrance channel in the decay and

formation of 200Pb∗. Since long, the Wong formula [5] is used for calculating the

fusion cross-sections. In this chapter, I have used Wong formula and its extended

version [6–9] to study the fusion process of 200Pb∗. In order to study the entrance

channel dependence on the decay pattern, we used the dynamical cluster-decay

model (DCM) [10–21]. This model employs neck-length parameter (∆R) for ad-

dressing the data, which leads to required modification of the barrier at near and

sub-barrier region.
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In the present work, we observe that the Wong formula overestimates or un-

derestimates the data, whereas its extended version, i.e. the `-summed extended

Wong model, fits the experimental fusion cross-section nicely for the three incident

channels except at few energies of 16O+184W reaction. However, fitting is improved

slightly with the inclusion of deformation effect. It is anticipated that there might

be some non-compound nucleus (nCN) contribution at two or three energies for 16O

induced channel.

For the decay part, DCM gives a nice fit to the experimental ER and fission

cross-section with spherical as well as deformed choice of fragments for the reactions

16O+184W, 19F+181Ta and 30Si+170Er. In order to see the difference in the decay

pattern of CN, the fragmentation potential and preformation probability for spher-

ical and deformed case of three incoming channels are worked out at comparable

incident energy Ec.m. ' 110 MeV. The deformation effects are included upto β2

along with the hot optimum orientations [22]. It is observed that with the inclusion

of deformations, decay pattern changes from symmetric to asymmetric. Although,

overall pattern of the fragmentation is similar for three channels, but some signa-

tures of the entrance channel dependence are observed in IMF and fission region.

Further, the prediction of ER and fission cross-sections at higher energies (for O

and F- induced reactions) and at lower energies (for Si-induced) help us to provide

comprehensive understanding regarding dynamics of 200Pb∗.

The chapter is organized as follows. The calculation and results are shown in

section 3.2. The conclusions are given in Section 3.3.

3.2 Calculations and results

To see the entrance channel dependence in the formation and decay of CN, cal-

culations have been done for three different channel 30Si+170Er , 16O+184W and

19F+181Ta forming same compound nucleus i.e. 200Pb∗. In Section 3.2.1, we address

the fusion cross-section using Wong and `-summed extended Wong model. In Sec-
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SECTION 3.2: CALCULATIONS AND RESULTS

Figure 3.1: Comparison of experimental data with the calculated fusion cross-section
using Wong formula and its extended version, `-summed extended Wong model, for
30Si+170Er→200Pb∗reaction with (a) spherical and (b) deformed choice of nuclei.

tion 3.2.2, we study the decay mechanism in the frame work of DCM. The behavior

of fragmentation path, preformation profile, average total kinetic energy, and barrier

modification, etc., are investigated for better understanding of dynamics involved in

the chosen reactions.

3.2.1 Formation of 200Pb∗ using the Wong formula and `-

summed Wong Model

Fig. 3.1 shows the comparison of fusion cross-section of 30Si+170Er, calculated using

Wong formula and its extended version, the `-summed Wong model, with experi-

mental data. It is clear from Fig. 3.1 that though Wong formula overestimate most

of the data, however its extended version, after appropriate inclusion of angular

momentum effect, fits the data nicely except at lowest energy for spherical choice of

fragmentation. On incorporating the deformations, this anomaly at lowest energy

gets resolved and we get nice comparison with data at all the energies. Since barrier
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Figure 3.2: Same as Fig. 3.1 but for 19F+181Ta→200Pb∗ reaction.

characteristics (V `
B, R`

B and h̄ω`), extracted from the potential barrier, are the main

input of the Wong model and deformations modify the barrier characteristics signif-

icantly, so the inclusion of deformation effects play appreciable role in the formation

of compound system 200Pb∗.

Fig. 3.2 and Fig. 3.3 are same as that of Fig. 3.1 but for 19F+181Ta and

16O+184W reaction respectively. Fig. 3.2 showing almost similar behavior as that

of Fig. 3.1. However it is observed in Fig. 3.3 that for O-induced reaction, both the

Wong formula and its extended version are not able to fit the data at few energies.

This observation seems to suggest that, there is possibility of some nCN contribution

or may be due to the fact that 16O (projectile) and 200Pb (the CN formed) are magic

nuclei, so the measured cross-section are comparatively larger for this reaction. Also,

the number of target neutrons for 16O channel are higher (N=110) than the other

two incoming reactions. Therefore the magicity associated with projectile or CN

and\or higher number of neutrons in the target nucleus might be responsible for

this disagreement with data.
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Figure 3.3: Same as Fig. 3.1 but for 16O+184W→200Pb∗ reaction.

Fig. 3.4 shows the variation of the deduced maximum angular momentum (`max)

for best fit to the experimental data as a function of Ec.m. for spherical and deformed

choice of nuclei. The `max increases with increase in Ec.m. for all the chosen reactions.

It is observed that with the inclusion of deformation, the variation become more

smooth particularly for 30Si induced reaction. One may recall that the comparison

at lowest energy for this reaction was not good for spherical choice of fragmentation,

which improved significantly with the inclusion of deformation effects. As a result

of this, we find smooth variation of `max for the deformed case. At comparable Ec.m.

' 110 MeV different reactions seem to give different `max values being least for most

symmetric choice (i.e. 30Si induced reaction) and highest for the most asymmetric

combination (i.e. 16O induced reaction), independent of deformation effects.

Fig. 3.5 (a) shows the comparison of scattering potential for the three entrance

channels at T=0 MeV and `=0h̄ using spherical fragmentation. It is clear from

the graph that barrier is highest for Si- induced channel followed by F and O-

induced reactions. The highest barrier of Si channel finds its origin in Coulomb
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Figure 3.4: Deduced `max-values as a function of Ec.m. for three incoming channels
i.e. 30Si+170Er,19F+181Ta and 16O+184W with (a) spherical and, (b) deformed (upto
β2) fragmentation.

potential (Vc) as product of charge numbers of target and projectile is highest for

Si-induced reaction (Z1Z2=952). The other ingredient of interaction potential i.e.

the proximity potential, on the other hand plays relatively a silent role. Fig. 3.5 (b)

shows the comparison of total interaction potential for the three entrance channels

at Ec.m. ≈ 110 MeV and their respective `max-values with spherical case. It is clear

from the figure that the combined effect of T and ` become more pronounced for

most asymmetric reaction (16O) as one can observe that barrier height is almost

constant for symmetric channel (30Si+170Er) while significant change is observed in

F- and O-induced reaction (asymmetric reactions). Here the highest magnitude of

barrier height for 16O+184W may be associated with larger value of `max along with

relatively higher mass asymmetry for this reaction. Fig. 3.5 (c) is same as Fig. 3.5

(b) but with effect of β2-deformation included. The comparative analysis of Fig.

3.5(b) with Fig. 3.5(c) clearly show that the barrier characteristics are significantly

influenced with the inclusion of deformation and orientation effects. Therefore one

may conclude that such effects are desirable to understand the comprehensive role
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Figure 3.5: Total interaction potential VT (MeV) as a function of R(fm), for three
incoming channels i.e. 30Si+170Er,19F+181Ta and 16O+184W. (a) corresponds to
spherical nuclei without temperature and angular momentum effects and (b), (c) at
Ec.m. ≈ 110 MeV (T 6= 0 and ` 6= 0), for spherical and β2-deformations respectively.

of formation process using different target-projectile combinations.

Since all the reactions are forming same compound nucleus, but behaving differ-

ently, it means different target-projectile combinations affect the compound nucleus

formation. As mentioned above, the deformations and orientation also play a de-

cisive role in the study of fusion cross-section of 200Pb∗. After studying the role of

different reaction partner in the formation of 200Pb∗, it would be of further interest

to investigates the decay path of this nucleus, which is carried out in next section.

3.2.2 Decay of 200Pb∗ using DCM

The decay process of 200Pb∗ formed in 30Si+170Er, 19F+181Ta and 16O+184W re-

actions, is studied using dynamical cluster-decay model (DCM) over an extensive

range of incident energies. Experimental data [1–4] of 30Si, 19F and 16O-induced re-

actions is available at near and above barrier energies. DCM gives a nice description

of ER and ff cross-section with spherical and deformed choice of fragmentation by

fitting the neck length “∆R”. The experimental and the DCM calculated ER and

fission cross-section along with the corresponding neck-length and deduced maxi-

mum angular momentum at various center of mass energies are listed in Table 3.1.
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Table 3.1: The evaporation-residue and Fission cross-sections for 200Pb∗ system,
calculated using the DCM at different Ec.m.’s for three different entrance channel
30Si+170Er,19F+181Ta,16O+184W compared with the experimental data [1–4].

Ec.m. Temp. ∆R (fm) `max(h̄) σExpt.(mb) σDCM(mb)

(MeV) (MeV) ER Fission ER Fission ER Fission

30Si+170Er→200Pb∗ (Qin=-58.308 MeV)
107.40 1.508 1.682 0.710 123 31.98 1.37 31.30 1.382
110.84 1.560 1.750 0.878 125 80.08 14.41 81.30 14.68
115.24 1.623 1.796 1.007 127 140.33 63.17 139.0 63.60
119.57 1.683 1.843 1.080 127 202.34 128.34 201.0 128.6
123.93 1.741 1.841 1.154 129 217.34 259.80 216.0 260.0
128.31 1.797 1.838 1.195 130 216.34 382.30 216.0 382.0
133.06 1.856 1.835 1.214 131 210.0 523.91 210.0 522.0
136.96 1.903 1.834 1.231 131 202.34 611.29 202.0 612.0

19F+181Ta→200Pb∗ (Qin=-23.689 MeV)
77.21 1.5745 1.726 0.784 124 77.08 5.16 77.8 5.23
84.75 1.6802 1.865 0.990 126 313.97 61.35 314.0 61.40
92.19 1.7783 1.887 1.104 128 396.78 203.62 396.0 204.0
98.72 1.8601 1.900 1.193 129 425.64 423.16 425.0 424.0
106.84 1.9570 1.884 1.216 132 401.45 633.66 400.0 626.0
110.40 1.9979 1.864 1.227 133 342.78 733.48 342.0 734.0

16O+184W→200Pb∗ (Qin=-24.204 MeV)
77.19 1.5668 1.938 0.891 124 521.50 23.68 523.0 22.8
84.61 1.6713 1.997 1.05 125 861.81 121.17 789.0 121.0
92.02 1.7695 2.075 1.151 128 1473.38 318.80 1470.0 320.0
99.43 1.8625 2.04 1.20 130 1153.96 498.99 1150.0 502.0
106.86 1.9512 2.0 1.223 131 853.08 677.26 850.0 678.0
110.56 1.9939 2.035 1.227 132 1067.28 698.27 1070.0 698.0

In order to see the decay pattern with spherical and deformed choice of nuclei, the

fragmentation potential and preformation profile are worked out at Ec.m. ≈ 110

MeV.

Fig. 3.6(a) shows the comparison of fragmentation potential V(R) as a function

of mass number A2 at Ec.m. ≈ 110 MeV for three different entrance channels with

spherical choice of fragmentation. Fig. 3.6(b) is same as that of Fig. 3.6(a) but with

effect of β2-deformation included. Fig. 3.6(a) shows that, at `=0h̄ the behavior of

potential energy surface is quite similar for the three entrance channels. However

with increase in `-value, the fragmentation behavior changes significantly. Further-
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SECTION 3.2: CALCULATIONS AND RESULTS

Figure 3.6: Fragmentation potential V(MeV) as a function of fragment mass A2 at
fixed Ec.m. for three entrance channels with (a) spherical and (b) deformed choice
of fragmentation. (For `max see Table 3.1)

more at `=0h̄, ER contribution is dominating while at `max the symmetric fission

products start competing with ER. It is observed that the magnitude of fragmenta-

tion potential is lower for 30Si+170Er. It is relevant to mention here that, the Q-value

and the asymmetry of the reaction play significant role in deciding the decay pattern

of a compound system. The change in behavior of potential energy surface is also

observed with the inclusion of deformations. Also the mode of fission distribution

shifts from symmetric to asymmetric as we move from spherical to deformed choice

of fragmentation.

For spherical choice, the fission window is seen for A2=65-100 for all the three

entrance channels. However with the inclusion of deformations the fragmentation

profile changes significantly particularly in fissioning region. The Si-induced reaction

exhibits double humped structure where symmetric as well asymmetric dips are

distinctly visible respectively at A2=58 to 84 and A2=91 to 100. On the other

hand F- induced and O-induced reactions show prominence of asymmetric fission

window with almost negligible contribution of symmetric fragments. This point is
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Figure 3.7: Preformation Probability P0 as a function of fragment mass A2 for three
different incoming channels for (a) spherical and (b) deformed choice of nuclei. (For
`max see Table 3.1)

emphasized further in the behavior of preformation factor depicted in Fig.3.7.

It is clear from Fig.3.7 that the behavior of preformation probability P0 with

fragment mass A2 is symmetric for spherical choice of fragment, however it shows

to asymmetric fission for deformed choice of fragments. Although the behavior

of preformation probability with A2 is similar for all three reactions for spherical

choice of fragments but same is not true for deformed fragmentation. From Fig.

3.7(b) one can clearly observe that the preformation profile of 30Si channel is quite

different than that for 19F and 16O induced reactions. Therefore, it is evident that

the deformation and orientation degree of freedom play an important role in the

decay mechanism of 200Pb∗ and the entrance channel dependence seem evident in

the deformed fragmentation process. Henceforth one may conclude that by varying

target-projectile combination, significant modification is observed in the decay path

of 200Pb∗ nucleus.

Fig. 3.8 shows the variation of neck-length parameter ∆R as a function of Ec.m.
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Figure 3.8: Neck-length parameter ∆R as a function of Ec.m. for spherical choice
of nuclei of CN 200Pb∗ formed by using three entrance channels. Filled and open
symbols mark calculations with DCM and predicted values of ∆R by polynomial
fitting of order three respectively for (a) ER and (b) fission cross-section.

for the ER (Fig. 3.8 (a)) and fission cross-section (Fig. 3.8 (b)) for the chosen

entrance channels using spherical choice of fragmentation. The comparison of Fig.

3.8 (a) and Fig. 3.8 (b) clearly show that ∆R for ER process is higher than that

for fission, independent of the choice of entrance channel. Using the systematics of

∆R values for experimental data, the neck-length parameter ∆R is extrapolated by

using polynomial fitting of order 3. In other words we have estimated the ∆R values

for energies above 110 MeV for 16O and 19F induced reactions and energies below

107 MeV for relatively symmetric 30Si induced channel, so as to obtain cross-sections

in energy range Ec.m. =98-128 MeV for all the three channel. The filled symbols

in Fig. 3.8 correspond to fitted ∆R values in reference to data of [1–4], and the

open symbols correspond to the extrapolating ∆R values obtained using polynomial

fitting. The corresponding cross-sections and `-values are predicted and the same

are listed in Table 3.2. An experimental verification is called for these predicted

cross-sections. The main purpose of extrapolation of ∆R in Fig. 3.8 is to provide
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Table 3.2: Predicted ER and Fission cross-sections for 200Pb∗ system by polynomial
fitting of order 3, using the DCM at different Ec.m.’s for three different entrance
channel 30Si+170Er,19F+181Ta and 16O+184W.

Ec.m. Temp. ∆R (fm) `max σDCM(mb)

(MeV) (MeV) ER Fission (h̄) ER Fission

30Si+170Er→200Pb∗

98.72 1.3663 1.345 0.170 121 0.198 2.16×10−3

101.21 1.412 1.44 0.315 121 0.902 1.13×10−2

103.42 1.447 1.52 0.453 122 3.42 7.68×10−2

105.47 1.479 1.61 0.595 123 13.2 4.82×10−1

19F+181Ta→200Pb∗

115.24 2.052 1.93 1.28 134 549.0 940.0
119.57 2.099 1.94 1.27 134 552.0 882.0
123.93 2.146 1.99 1.26 135 830.0 788.0
128.31 2.192 2.06 1.25 135 1150.0 722.0

16O+184W→200Pb∗

115.24 2.046 1.95 1.26 131 476.0 860.0
119.57 2.094 1.98 1.27 135 803.0 884.0
123.93 2.141 2.00 1.28 138 1060.0 886.0
128.31 2.187 2.10 1.29 136 1050.0 842.0

the ER and fission cross-section in an comprehensive energy range i.e. Ec.m. =98-128

MeV.

To study the temperature dependence on decay structure of 200Pb∗, the compar-

ison of preformation profile P0 is made at extreme common energies i.e. at 98 MeV

and 128 MeV respectively using spherical fragmentation for all the three channels.

From Fig. 3.7(a), symmetric fragments contribution is evident for all the chosen

reactions. However, Fig. 3.9 shows clearly that though structure is almost same at

extreme energies, but significant difference in magnitude is observed in Si-channel

as shown in Fig. 3.9(a). It means that, the effect of energy is more prominent in

symmetric channel as compared to asymmetric channels (see Fig. 3.9(a) and Fig.

3.9(b)). The estimated neck length parameter values and consequent prediction of

cross-sections can be exploited to have further understanding of the fission dynamics
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SECTION 3.2: CALCULATIONS AND RESULTS

Figure 3.9: Preformation Probability P0 as a function of fragment mass A2 plotted
at Ec.m. = 98 MeV and 128 MeV for (a) 30Si+170Er (b) 19F+181Ta and (c) 16O+184W
reactions.

Figure 3.10: Barrier-lowering parameter ∆VB varying as center of mass energy Ec.m.

for highest contributing fragments at ` = `max (a) ER (b) Fission
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Figure 3.11: Preformation Probability P0 (upper panel) and Experimental Mass
Yield (lower panel), plotted as a function of fragment mass A2.

of 200Pb∗. The barrier modification effect is also worked out as an in-built property

of fitting parameter, the neck-length parameter ∆R. The barrier modification ∆VB

depends on the barrier height VB and barrier penetration point V(Ra) as shown in

Eq.(2.52) of chapter 2. Fig. 3.10(a) and Fig. 3.10(b) show the variation of barrier

lowering parameter ∆VB as a function of Ec.m. for ER and fission cross-sections re-

spectively. One may clearly see that ∆VB variation follow the trend of neck length

parameter “∆R” depicted in Fig. 3.8. Henceforth, it is evident that, barrier modi-

fication is an inbuilt parameter in DCM, which is uniquely fixed in reference to ∆R

values and is of huge importance to address the data particularly at near and below

barrier region.

Finally, in order to study the behavior of different isotopes around 200Pb∗ region,

192Pb∗ and 202Pb∗ nuclei formed via 48Ca+144,154Sm reactions are investigated in the

framework of DCM. Preformation probability P0 (equivalently the mass yield) and
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SECTION 3.2: CALCULATIONS AND RESULTS

Figure 3.12: (a) Penetrability P at `=`max and (b) The `-summed P0P as a function
of fragment mass A2 for two incoming channels.

average total kinetic energy <TKE> are calculated for decaying fragments of the

above mentioned reactions at Elab=183.2 MeV for 202Pb∗ and at Elab=204 MeV,

190 MeV for 192Pb∗. The available evaporation residue and fission data [23, 24] of

48Ca+154Sm→202Pb∗→A1+A2 reaction is addressed by taking ∆RER= 1.645fm and

∆Rff=0.925fm. Since, no experimental data is available for 48Ca+144Sm reaction, so

same neck-length is used for calculating preformation probability P0, penetrability

P, and <TKE>. The relatively higher values of angular momentum `max are due to

the moment of inertia in sticking limit (for further details see Ref. [25]). As, nuclear

structure effects appear in DCM via preformation probability P0, so the structural

pattern of experimental mass yield is compared with P0, in Fig. 3.11. The prefor-

mation factor of 202Pb∗ at E∗

CN=49 MeV is shown in Fig. 3.11(a) and that for 192Pb∗

at E∗

CN=49 MeV and E∗

CN=38 MeV in Fig. 3.11(b) and Fig. 3.11(c) respectively.

A near symmetric mass distribution is observed, with emergence of shoulders corre-

sponding to magic shells at Z2=28, N2=50 and N1=82. These secondary peaks are

relatively suppressed for neutron deficient 192Pb∗ nucleus in agreement with [26,27].
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Figure 3.13: Average total kinetic energy <TKE> and available experimental data
plotted as a function of fragment mass A2.

The preformation probability plotted in upper panel of Fig. 3.11 finds nice compar-

ison with structural distribution of mass yields plotted in the lower panel.

Fig. 3.12(a) shows the barrier penetrability P as a function of fragment mass

A2 at maximum angular momentum for two channels. It imparts following infor-

mation. (i) The penetrability P of light mass fragments particularly for α-particle

is significantly large. (ii) In general P increases as a function of fragment mass and

starts saturating in fission region. (iii) Independent of entrance channel effect the

α nucleus structure is visible in IMF and HMF region, which start disappearing

near the fission window. In Fig. 3.12(b), summed up P0P is plotted as a function

of fragment mass A2 for two incoming channels i.e. 48Ca+154Sm at E∗

CN=49 MeV

and 48Ca+144Sm at E∗

CN=49 and 38 MeV. In other words, for each fragment, the

`-summation of P0P is worked out over all contributing angular momentum values

upto `max to demonstrate the collective role of these quantities. It is observed that

the product P0P provide an interesting structure as function of fragment mass A2.

One may notice that this structural distribution is mainly influenced via the pre-

formation profile as the penetrability contributes mainly towards the magnitude as
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described in earlier work [28]. A closure look of Fig. 3.12(b), clearly show that the

ER and fission cross-sections compete each other as, P0P product is highest for these

fragments. This observation is in agreement with measured data of Ref. [23,24]. The

chosen reaction channels seems to impart similar behavior for ER to fission region.

In Fig. 3.13, the average total kinetic energy<TKE> of two systems is plotted as

fragment mass A2. The calculated <TKE> is higher in magnitude, which suggests

that comparatively smaller `-values contribute towards <TKE> calculations, as

depicted in [29, 30]. So in order to compare the DCM calculated <TKE> values

with experimental data, a scaling factor of 0.65 is used as shown in Fig. 3.13. After

rescaling, the calculated <TKE> seem to provide reasonable comparison with the

experimental data.

3.3 Conclusions

In this chapter, the formation and decay process of 200Pb* formed via three different

entrance channels i.e. 30Si+170Er, 19F+181Ta and 16O+184W is addressed. Calcu-

lations have been done in the frame work of Wong model and DCM to investigate

respectively the fusion and decay path of 200Pb* using spherical and deformed choice

of fragments. The `-summed Wong model is shown to give reasonable description of

experimental data and deformation effects seem to influence the formation process

of 200Pb* nucleus. The entrance channel dependence is explored in context of defor-

mation and angular momentum effects. On the other hand dynamical cluster decay

approach is used to give description of ER and fission cross-section over wide range

of incident energies, by empirically fitting the neck-length parameter ∆R, which

incorporate the neck formation effects. The deformations and orientation effects are

shown to play significant role in the decay process as well. Beside this some signa-

ture of entrance channel dependence is seen in the deformed fragmentation process

of 200Pb∗ nucleus. The ER and fission cross-sections are predicted for all the three

channels. An experimental verification is called for predicted cross-sections in en-
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ergy range Ec.m. = 98-128 MeV. Finally the behavior of neighboring isotopes 192Pb∗

and 202Pb∗ is analyzed in terms of total average kinetic energy, penetrability and

mass yield distribution patterns.

After addressing the formation and decay paths of 200Pb∗ formed via various

heavy ion induced reactions, the dynamical cluster decay model is further applied

to explore the isospin and deformation effects on lighter nuclei such as Zr, Kr, Sn etc

by fixing the 16,18O nuclei as incoming projectiles (beam), and the results obtained

are discussed in next chapter.

86



Bibliography

[1] D. J. Hinde, J. R. Leigh, J. O. Newton, W. Galster, and S. Sie, Nucl. Phys. A

385, 109 (1982).

[2] G. Mohanto et al., Nucl. Phys. A 890-891, 62-76 (2012).

[3] P. D. Shidling et al., Phys. Rev C 74, 064603 (2006).

[4] J. S. Forster, I. V. Mitchell, J. U. Andersen, A. S.Jensen, E. Laegsgaard, W.

M. Gibson, and K. Prichett, Nucl. Phys. A 464, 497 (1987).

[5] C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).

[6] R. Kumar, M. Bansal, S. K. Arun, and R. K. Gupta, Phys. Rev. C 80, 034618

(2009).

[7] R. Kumar, Phys. Rev. C 84, 044613 (2011).

[8] D. Jain, R. Kumar, M. K. Sharma and R. K. Gupta, Phys. Rev. C 85, 024615

(2012).

[9] D. Jain, R. Kumar, and M. K. Sharma, Phys. Rev. C 87, 044612 (2013).

[10] B. B. Singh, M. K. Sharma, and R. K. Gupta, Phys. Rev. C 77, 054613 (2008).

[11] R. Kumar, and R. K. Gupta, Phys. Rev. C 79, 034602 (2010).

[12] R. K. Gupta, in Cluster in Nuclei, Lecture Notes in Physics 818, Vol. I, edited

by C. Beck (Springer-Verlag, Berlin, 2010), p. 223.

87



[13] R. K. Gupta, S. K. Arun, R. Kumar, and M. Bansal, Nucl. Phys. A 834, 176c

(2010).

[14] M. K. Sharma, S. Kanwar, G. Sawhney, R. K. Gupta, and W. Greiner, J. Phys.

G: Nucl. Part. Phys. 38, 055104 (2011).

[15] M. Kaur, R. Kumar, and M. K. Sharma, Phys. Rev. C 85, 014609 (2012).

[16] K. Sandhu, M. K. Sharma and R. K. Gupta, Phys. Rev. C 85, 024604 (2012).

[17] G. Kaur and M. K. Sharma, Phys. Rev. C 87, 044601 (2013).

[18] M. Kaur and M. K. Sharma, Phys. Rev. C 85, 054605 (2012).

[19] G. Sawhney, R. Kumar, and M. K. Sharma, Phys. Rev. C 86, 034613 (2012).

[20] G. Kaur, D. Jain, R. Kumar and M. K. Sharma, Nucl. Phys. A 916, 260-274

(2013).

[21] R. Kumar, K. Sandhu, M. K. Sharma and R. K. Gupta, Phys. Rev. C 87,

054610 (2013).

[22] R. K. Gupta, M. Balasubramanium, R. Kumar, N. Singh, M. Manhas, and W.

Greiner, J. Phys. G: Nucl. Part. Phys. 31, 631 (2005).

[23] A. M. Stefanini et al., Eur. Phys. J. A 23, 473 (2005).

[24] G. N. Knyazheva et al. Phys. Rev. C 75, 064602 (2007).

[25] G. Sawhney, R. Kumar, Rajni and M. K. Sharma AIP. Conf. Proc. 1524, 174

(2013).

[26] M. G. Itkis et al., Nucl. Phys. A 724, 136-147 (2004).

[27] S. Kanwar et al., Int. J. Mod. Phys. E 18, 1453-1467 (2009).

88



BIBLIOGRAPHY

[28] M.Sharma et al., J. Phys. G: Nucl. Part. Phys. 38, 105101 (2011).

[29] K. Sandhu et al. ,Nucl.Phys. A 921, 114-130 (2013).

[30] B. B. Singh et al., Int. J. Mod. Phys. E 15, 699 (2006).

89



Chapter 4

Decay of Zr, Kr and Sn isotopes

formed in 16,18O-induced reactions

4.1 Introduction

In previous chapter, the entrance channel effects were explored while addressing

the dynamics of heavy mass nucleus 200Pb∗. Here in present chapter, the emphasis

is made on the dynamical behavior of light mass systems such as Kr, Zr and Sn

isotopes formed via 16,18O induced reactions. The role of iso-spin (N/Z ratio) and

deformations is probed by analyzing the decay patterns of various nuclei. In all

these studies, the excitation energy (temperature) and angular momentum effects

are duly examined.

In order to investigate different phenomena in nuclear physics, low energy heavy

ion reactions have been extensively worked out during last few decades. The vig-

orous research carried out in this zone aided in further understanding of nuclear

structure and associated dynamical aspects which are of great importance for the

comprehensive analysis of diverse reaction mechanisms. To have an apparent picture

of various aspects, the reaction dynamics have been explored under various extreme

conditions and had eventually led to numerous interesting nuclear phenomena such

as production of exotic nuclei, super heavy synthesis, execution of reactions with
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SECTION 4.1: INTRODUCTION

loosely bound and/or tightly bound nuclei, influence of impact parameter, shell

closure, deformation and orientation effects etc. All theses aspects provide an op-

portunity to understand the nuclear reaction dynamics and related structure effects.

Despite of prolonged efforts and extensive work in this area, the nuclear reaction dy-

namics continues to captivate our interest further and inspires to explore the cause

of occurrence and consequences of various other interesting phenomena observed in

this domain.

The dynamics of nuclear reaction can be better understood by carrying out a

systematic study of various decay processes of nuclei formed in heavy ion reactions.

In view of this, the work presented in this chapter involves the study of decay

cross-sections of various nuclei in mass range A ∼ 76 - 110, formed in 16O and 18O

induced reactions. Recently an experiment [1] was conducted to study the formation

of Zr compound nucleus using stable magic 16O projectile and medium mass 76Ge

target. The complete fusion cross-sections with major contribution from evaporation

residue are measured over a wide range of center-of-mass energies, Ec.m. =31.2-50.1

MeV. Interestingly, the fusion cross-sections of Zr isotopes formed via the same

reaction channel i.e. 16O+70,72,74,76Ge were also examined in another experiment [2]

at similar energy range. In addition to this, the fusion cross-sections for the 92Zr∗

isotope formed via 18O induced reaction were also measured in [1].

Based on these experiments, a comprehensive theoretical description of decay

processes and factors influencing the dynamics of 16O+70,72,74,76Ge and 18O+74Ge

reactions is studied using the dynamical cluster decay model (DCM) [3–8]. Gener-

ally, the fusion cross-sections are considered to have contribution from both light

particle (LP) [σLP involving emission of neutron, proton, alpha particle with A2≤ 4],

and the fission cross-section, σfission. Beside this, one may have significant contri-

bution from the intermediate mass fragments (IMF)(5≤A2≤20), as such rare de-

cay mechanism do contribute in light and intermediate mass region. Therefore

σfusion=σLP +σIMF +σfission. However, for the nuclei under consideration, the σfusion
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have major contribution from σLP alone, while the contribution of σIMF and σfission

is suggested to be small. It is worth mentioning that the DCM having the ef-

fect of deformations and optimum orientations [9] included in it, treats all decay

processes [i.e., light particle (LPs), intermediate mass fragments (IMFs), and sym-

metric/asymmetric fission fragments] on equal grounding. The detailed analysis

of temperature, angular momentum effects, preformation factor, barrier modifica-

tion, etc., is worked out in context of the reactions under investigation. Moreover,

the systematic study of even mass Zr isotopes extend a possibility to explore the

role of deformation/orientation degree of freedom and effect of iso-spin (N/Z ratio)

along with the option to address entrance channel effect for 92Zr∗ system formed via

16O+76Ge and 18O+74Ge reactions.

In addition to this, the influence of 16O and 18O projectile is analysed while

addressing the dynamics of relatively lighter mass 76Kr∗ nucleus having large

quadrupole deformation (β2=0.4) as compared to 92Zr∗ nucleus (β2=0.053). In view

of this, 76Kr∗ [10] system formed via two incoming channels i.e. 16O+60Ni and

18O+58Ni, provides another opportunity to examine the role of entrance channel,

within energy range similar to that of Zr∗ isotopes. Apart from this, the role of pro-

jectile and isospin (N/Z ratio of CN) is further explored for decay of proton magic

108,110Sn∗ [11] isotopes formed in 16O+92Mo and 18O+92Mo reactions respectively.

The motivation of the present study is to analyze the decay patterns of deformed

and spherical magic nuclei formed in 16,18O induced reactions, as it may impart

useful information regarding the overall behavior of reaction dynamics. Thus, our

main aim in the present work is (i) to address the contribution of dominant LP

decay mode for Zr, Kr and Sn isotopes. (ii) to explore the contribution of IMF

and fission channels, if any (iii) to analyze the role of deformations and carry out

comparative study of various even mass Zr isotopes and (iv) to study the role of

entrance channel for deformed 92Zr∗ and 76Kr∗ systems and role of projectile mass

for spherical magic Sn nuclei. In all these studies the effect of excitation energy or
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SECTION 4.2: CALCULATIONS AND RESULTS

equivalently temperature is duly incorporated.

The chapter is organized as follows. The calculations and results are presented

in Section 4.2. The conclusions drawn are discussed in Section 4.3.

4.2 Calculations and Results

In this section, the fusion excitation functions of 86,88,90,92Zr∗ nuclei formed in

16O+70,72,74,76Ge reactions are studied using DCM in terms of LP, IMF and fission

decay modes. To analyze the dynamics of Zr isotopes, the potential energy surfaces

(PES) are analyzed in terms of fragmentation potential which helps to understand

the forces acting on the fragments (originating from different potential components)

and thus estimating the relative stability of decaying fragments. The influence of

such fragmentation interaction is then exploited in terms of preformation behavior

of decaying fragments. For the intermediate mass Zr nucleus, the role of deformation

and orientations is investigated by taking into account spherical choice of fragments

and with inclusion of quadrupole deformation β2i in reference to optimum (θopt
i )

orientation approach [9]. It is evident that, for coplanar nuclei, the orientation gets

optimized (uniquely fixed) by the signs of their quadrupole deformations. These op-

timum orientations are obtained for hot compact (and cold elongated) configuration

of any two colliding nuclei. In the present work, the orientations are taken from

Table 1 of [9]. Also, the entrance channel dependence is examined for 92Zr∗ system

formed via 16O+76Ge and 18O+74Ge channels. Similar results are further tested

for relatively light mass 76Kr∗ system formed via 16O+60Ni and 18O+58Ni reactions.

Besides this, the role of projectile mass is also investigated for 108,110Sn∗ nuclei.

This section is divided into three parts where the decay of Zr isotopes addressed in

section-4.2.1, followed by investigation of entrance channel effects in section-4.2.2.

Finally the effect of projectile mass is explored in section-4.2.3 of this section.
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Figure 4.1: Fragmentation potential V(MeV) as a function of fragment mass A2 for
decay of 86−92Zr∗ isotopes, plotted at extreme `(h̄) values for (a) spherical and (b)
deformed choice of nuclei.

4.2.1 Isotopic analysis of Zr-nuclei formed in 16O-induced

reactions

For a comparative study of the decay mechanism of various Zr isotopes, the calcu-

lations are carried out for 86,88,90,92Zr∗ nuclei at comparable lowest as well as highest

center of mass energy i.e. Ec.m.∼ 31.0 MeV and Ec.m.∼ 48.0 MeV. Fig. 4.1 shows the

fragmentation potential V(A2) at Ec.m.∼ 31.0 MeV, for 16O+70,72,74,76Ge reactions

giving 86−92Zr∗ compound nuclei, at extreme ` values, i.e. `=0h̄ and `=`max(h̄). In

order to study the role of deformations, we have plotted the fragmentation poten-

tial for spherical approach and with inclusion of quadrupole (β2i) deformation as

shown in Fig. 4.1(a) and Fig. 4.1(b) respectively. The characteristic behavior of

the fragmentation potential for both cases is different at two extreme `-values. At

lower `-values the LPs form the dominant decay path where as the IMF and fission
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SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.2: Variation of Preformation probability P0 as a function of fragment mass,
for the decay of Zr isotopes, plotted for ` = 0h̄ and ` =`max values, for spherical and
deformed nuclei at Ec.m.=31 MeV

Table 4.1: The ER and IMF cross-sections for five Compound systems, calculated
using the DCM at lowest Ec.m.=31.0 MeV compared with the experimental data
[1, 2]. It may be noted that P and T represents projectile and target respectively.

S.No. P T CN Ec.m. Temp. ∆R (fm) `max σExpt. σDCM(mb) σDCM
Total

(MeV) (MeV) ER IMF (h̄) (mb) ER IMF (mb)

Spherical Approach

1 16O 70Ge 86Zr 31.3 1.943 1.53 0.10 63 0.36 0.34 0.009 0.34

2 16O 72Ge 88Zr 31.1 1.984 1.05 0.40 58 0.41 0.32 0.070 0.39

3 16O 74Ge 90Zr 31.1 2.083 1.00 0.20 62 0.47 0.48 0.019 0.50

4 16O 76Ge 92Zr 31.2 2.087 0.66 0.30 68 0.37 0.36 0.092 0.45

5 18O 74Ge 92Zr 31.0 2.153 0.80 0.17 69 0.89 0.80 0.064 0.87

Deformed Approach

1 16O 70Ge 86Zr 31.3 1.943 1.70 0.80 55 0.36 0.36 0.007 0.36

2 16O 72Ge 88Zr 31.1 1.984 2.00 0.93 65 0.41 0.20 0.070 0.41

3 16O 74Ge 90Zr 31.1 2.083 2.00 0.88 67 0.47 0.43 0.020 0.47

4 16O 76Ge 92Zr 31.2 2.087 1.27 0.60 70 0.37 0.36 0.005 0.36

5 18O 74Ge 92Zr 31.0 2.153 1.2 0.63 64 0.89 0.88 0.011 0.89
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component start appearing only at higher `- values. It suggests that the centrifugal

potential plays a significant role in deciding the dominant decay mode. This ob-

servation is persistent, independent of deformation effects, and hence prompt us to

look for the IMF and fission component along with anticipated LP channel.

For both the choices of fragmentation (spherical and deformed), it is observed

that the behavior of all isotopes is almost similar at minimum angular momentum

whereas, the effect of iso-spin is much evident at maximum `-value. For spherical

choice, apart from the lightest isotope 86Zr∗, the magnitude of fragmentation po-

tential follows a systematic trend and increases with addition of 2n, being minimum

for light mass 88Zr∗ and maximum for heavy mass 92Zr∗ isotope. This anoma-

lous behavior for 86Zr∗ isotope may be associated with relatively higher quadrupole

deformation (β2 ∼0.25) of 70Ge target nucleus [12]. However, with inclusion of de-

formations a systematic trend in the potential energy surfaces (PES) is observed for

all the Zr isotopes, showing increase in magnitude of potential with increase in iso-

spin (N/Z) ratio. Although the difference in magnitude is very small except for the

lighter Zr-isotope. It is worth noting that, this effect of iso-spin studied using DCM

for Zr isotopes is similar to that observed for the heavy mass 250−258Fm∗ nuclei (for

details see [6,13,14]). Since the decay of 88Zr∗ isotope is more favorable for spheri-

cal choice and is replaced by lightest isotope 86Zr∗ when quadrupole deformation is

incorporated in the calculations, it may be concluded that systematics of Zr isotopes

vary with the inclusion of β2-deformation. Interestingly, with some deeper minima

appearing in the intermediate mass fragments (IMF) region, change in structure

is also observed with the inclusion of β2-deformation, at extreme `-values. Also,

α-structure is more prominent for the deformed fragmentation and for lighter mass

fragments. The above results are also supported from Fig.4.2 which shows varia-

tion of preformation probability P0 as a function of fragment mass Ai (i=1,2). It

is observed that on including β2-deformation, the change in structure of Zr isotopes

is observed which is more significant for the ER and IMF region. This suggests
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Table 4.2: The LP, IMF and fission cross-sections for Zr isotopes, at highest energy
Ec.m.=48 MeV, for spherical choice of nuclei (upper panel) and with inclusion of
deformation (lower panel), compared with the experimental data of [1, 2]. Also
shown are the best fit neck-length and angular momentum values.

P T CN Ec.m. Temp. ∆R `max σDCM σCal.
Total σ

Expt.
Fusion.

(MeV) (MeV) (fm) (h̄) (mb) (mb) (mb)

LP IMF/ LP IMF fission

fission

16O 70Ge 86Zr∗ 48.5 2.370 2.00 1.18 58 756.0 103.0 3.36 862.0 863.0
16O 72Ge 88Zr∗ 48.4 2.393 1.96 1.15 61 761.0 113.0 2.26 876.0 875.0
16O 74Ge 90Zr∗ 48.4 2.471 1.84 1.05 65 749.0 69.5 1.22 819.0 821.0
16O 76Ge 92Zr∗ 48.1 2.458 1.70 0.92 67 752.0 22.0 0.33 774.0 773.0
18O 74Ge 92Zr∗ 49.0 2.536 1.81 0.82 68 840.0 11.4 0.09 851.4 847.9

16O 70Ge 86Zr∗ 48.5 2.370 1.86 1.05 55 863.0 1.05 0.50 864.0 863.0
16O 72Ge 88Zr∗ 48.4 2.393 2.00 1.16 65 769.0 83.0 25.0 878.0 875.0
16O 74Ge 90Zr∗ 48.4 2.471 1.94 1.10 67 772.0 39.5 7.75 819.2 821.0
16O 76Ge 92Zr∗ 48.1 2.458 1.75 0.94 70 767.0 12.1 1.36 780.0 773.0
18O 74Ge 92Zr∗ 49.0 2.536 1.81 0.92 67 833.0 10.0 0.15 843.1 847.5

that role of deformations is more evident in the ER and IMF region whereas, no

such effect is evident in the fission region. The fragment mass distribution at max-

imum angular momentum, ` =`max, is symmetric for all isotopes of Z=40 nucleus,

for both spherical and deformed approach. Thus it may be concluded that in the

decay of even mass Zr isotopes, the mass distribution in ER and IMF region gets

influenced with the inclusion of deformation effects. In reference to the measured

experimental fusion cross-sections, the decay cross-sections for Zr isotopes formed

via 16O+ 70,72,74,76Ge reactions have been calculated by simultaneous fitting, using

only parameter of the model, neck-length parameter (∆R). In agreement with the

experimental observations the DCM calculations also support the dominance of ER

decay mode towards the total fusion cross-sections. At relatively smaller neck, very

small contribution of IMFs is observed and symmetric fission component is found to

be negligibly small. The ER and IMF cross-sections of 86−92Zr isotopes calculated

using quadrupole static β2i(0) deformed choice of nuclei, are tabulated in Table 4.1
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Figure 4.3: Same as Fig. 4.1 but at Ec.m.=48 MeV

(σff is not shown as their contribution is negligibly small) and results are compared

with the experimental fusion cross-section (σexpt.). The corresponding ∆R and `max

values are also listed in the Table. The different ∆R for the spherical and deformed

approach shows the different time scales to which they occur, subject to the nature

of dynamics of compound nucleus formed. The deformed choice requires large ∆R in

comparison to spherical approach, indicating that decay for deformed nuclei occurs

at an early stage and that with spherical choice evolve at relatively later instant.

Further, to see the effect of center of mass energy on decay structure of different

isotopes of Zr, the comparison of fragmentation potential is plotted at Ec.m.=48.0

MeV. From Fig. 4.3(a), it is evident that, for spherical approach the structure

of fragmentation potential is identical for all four Zr isotopes at extreme `-values.

Broadly speaking, the magnitude also appears to be overlapping except for 86Zr∗

nucleus, where it seems distinctly small at higher angular momentum. From these

observations it may be concluded that, for spherical choice of fragmentation, the
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decay of Zr isotopes is not influenced much by the change in iso-spin ratio. On the

other hand, from the variation of fragmentation potential plotted in Fig. 4.3(b),

it is noticed that, with inclusion of deformations the α- nucleus structure is pro-

nounced and change in structure and magnitude of PES is observed for 86Zr∗ and

92Zr∗ system. This effect is more distinctly visible at higher `-value. Thus it may

be concluded that with inclusion of deformations the iso-spin effect becomes promi-

nent in accordance with the result observed at lowest energy. The fragmentation

behavior of different isotopes of Zr-systems gets modified thus changing the relative

contribution of fragments as compared to spherical case. Conclusively, it may be

said that, in reference to spherical approach, the fragmentation potential gets in-

fluenced with inclusion of deformations. It is worth noting in Fig. 4.3(b) that the

fragmentation potential for chosen isotopes do not follow a systematic pattern. The

heaviest two isotopes, i.e. 90,92Zr∗ are stable isotopes of Zirconium and the potential

corresponding to them is in between the potential of nuclei lying on neutron defi-

cient side of stability i.e. 86Zr∗ and 88Zr∗ isotopes. In terms of DCM calculations,

lower fragmentation analogous to higher preformation probability, consequently re-

sults in relatively more favorable decay. Thus, the lightest isotope having minimum

potential forms the most favorable decay isotope while the 88Zr∗ system having the

maximum potential seems least favorable towards the decay process. This is further

supported by larger half-life of 88Zr∗ isotope [15] as compared to other systems un-

der consideration. One may remind here that, at lowest energy (see Fig. 4.1(b)),

a systematic trend in the potential energy surface is observed for all the Zr iso-

topes, showing increase in magnitude of potential with increase in iso-spin (N/Z)

ratio. This observation suggest that, the decay behavior of Zr-isotopes significantly

affected by the center of mass energy of compound nucleus.

As deformations and related optimum orientations are found to play an impor-

tant role in the dynamics of Zr nuclei, the further study is carried out for the use

of quadrupole deformed approach only. The relative behavior of Zr isotopes and
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Figure 4.4: Summed up Preformation Probability P0 as a function of Angular mo-
mentum `(h̄) at highest energy Ec.m.=48 MeV. Upper panel shows the P0 for LPs
and lower panel for IMF+fission.

characteristic behavior of LPs and IMFs+fission fragments is studied through the

variation of summed up preformation probability P0 plotted as a function of angu-

lar momentum ` as shown in Fig. 4.4 at center of mass energy of Ec.m.=48.0 MeV.

The summed up P0 represents the sum of preformation probability of all fragments

corresponding to given angular momentum, ranging from `=0h̄ to `max. For the

light particles (LPs), the preformation probability is summed up for fragments with

mass, A2 =1-4 (shown in upper panel of Fig. 4.4). On the other hand, for interme-

diate mass fragments + fission fragments it is summed up for fragments, A2=5 to

A2=ACN/2, where ACN is mass of compound nucleus (shown in lower panel of Fig.

4.4). The summed up P0 for complementary fragments form the mirror image and

hence are not shown here. For all the Zr isotopes under study, the summed up P0

for LPs is more at lower angular momentum and decreases with increase in `-value.

On the contrary IMF+fission contribution increases with increase in `-value. This

observation is consistent with the results stated in Fig. 4.3.

The characteristic behavior of the summed-up preformation probability (P0) for
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LPs and for IMF+fission fragments does not change significantly for a large range of

angular momentum values. However, after a certain limit, a fine shift in the variation

of P0 can be seen. After `=20h̄, the LPs contribution starts decreasing at the cost

of gain in IMF+fission component. For both LPs and IMF+fission fragments, the

summed up preformation probability P0 of different Zr isotopes start overlapping

above ∼50h̄. With decrease in `-value, the summed up preformation probability of

the lightest isotope (86Zr∗) and heaviest isotope of 92Zr∗ can be identified separately.

Thus from this variation it may be concluded that the angular momentum plays a

crucial role in the dynamical evolution of Zr isotopes. Table 4.2 shows the results

of DCM-calculated individual cross sections of LPs, IMFs and fission fragments

at highest common center-of-mass energy (Ec.m.∼48.0MeV) for all the Zr isotopes.

The sum of the calculated cross-section σCal.
fusion and other relevant quantities are

presented, together with the available measured experimental data (σExpt.
fusion), for

the use of spherical approach and with inclusion of qaudrupole (β2i) deformation.

The results for 92Zr∗ nucleus formed via 18O induced reaction are discussed later in

section 4.2.2. From the table it is observed that, for the decay of 86−92Zr∗ isotopes

formed in the 16O+70,72,74,76Ge reaction the LPs form the dominant decay mode

as compared to IMF/fission decay channel for both the spherical and deformed

approach. This observation is in accordance with the experimental observation

[1, 2]. On comparing the contribution of decay channels of different Zr isotopes,

except for the lightest nuclei 86Zr∗, it is observed that with increase in mass and

hence the iso-spin (N/Z) ratio of CN, the relative contribution of the IMF/fission

fragments decreases gradually and finally turns out to be significantly small for the

heaviest isotope 92Zr∗ for which the LPs nearly saturate the measured fusion cross-

sections. This observation remains consistent for the deformed approach also except

for the fact that LP and IMF contribution is marginal for the lightest isotope of

Zr. Moreover, it is observed that the neck-length parameter ‘∆R’ decreases and the

corresponding angular momentum increases for all for isotopes of Zr formed in 16O
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Figure 4.5: (a) Empirically fitted neck-length parameter ∆R and (b) difference of
∆R for LP and IMF+fission plotted as a function of isotopic mass of Zr isotopes for
spherical and deformed approach.

induced reaction. The only exception is 86Zr∗ nucleus where ∆R is relatively small

for deformed choice of fragmentation.

Fig. 4.5(a) illustrates the variation of neck-length parameter, ∆R as a function

of isotopic mass for the use of spherical as well as quadrupole deformed approach.

From the variation of simultaneously implied ∆R for best fit to DCM calculated

LPs and IMF/fission cross-sections it is observed that for LP decay the neck-length

parameter is higher as compared to that for IMF/fission decay channel. This obser-

vation is independent of the consideration of deformation effects and is in agrement

with [6–8]. The different ∆Rs for the two processes, LPs and IMF/fission sug-

gest that they occur in different time scales, subject to the nature of dynamics of

compound nucleus formed. As depicted in Fig. 4.5(a), the LPs require large ∆R

in comparison to IMF/fission, indicating that LP emission occurs at early stage

and IMF/fission process evolve at relatively later extent. Fig. 4.5(b) shows the

∆Rdiff (=∆RLP - ∆RIMF+fission) as a function of isotopic mass. This difference is
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SECTION 4.2: CALCULATIONS AND RESULTS

remains almost constant (∼ 0.8 fm), for the different decay paths of various Zr-

isotopes. One may observe that even for constant ∆Rdiff , the iso-spin ratio of CN

influences the appropriate neck formation and hence the decay time of a given CN.

The total cross-section (σCal.
fusion) of DCM calculated within one parameter fitting

∆R, for all the four cases at highest center-of-mass energy, is found to have a nice

agreement with the available experimental data [1, 2].

4.2.2 Role of incoming channel in the decay of 92Zr and 76Kr

compound nuclei

It is generally believed that the formation and decay of CN are two independent

processes. Besides for the requirement of various conservation laws, it can be dis-

integrated in various ways depending on the mass of target-projectile combination,

deformation of colliding nuclei and energy involved. However, as an exception to

Bohr independence hypothesis, there may be a possibility that the decay channel

retains the memory of colliding partners. Thus, after studying the role of iso-spin

on the dynamics of even mass Zr isotopes, we further aim to investigate the role of

entrance channel on the decay of heaviest Zr isotope formed via 16O+76Ge→92Zr∗

and 18O+74Ge→92Zr∗ channels in reference to data of [1].

The preformation probability P0 is plotted as a function of fragment mass A2 in

Fig. 4.6(a). Despite having different `max values for both the channels, the fragmen-

tation potential remains almost identical in the fissioning region. Some variations

are observed in IMF/HMF (heavy mass fragments) region but the contribution of

these decay paths is much lower than the dominant LP component. Therefore, one

may assume that fragmentation behavior is not influenced much while changing 16O

beam with 18O in the way of formation of 92Zr∗ nucleus. Further, by carrying out

a comparative study of summed up preformation probability of both the channels

in Fig. 4.6(b) it is observed that although the characteristic behavior of LPs and

IMF+fission fragments is different at lower versus higher `-values, the variation of
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Figure 4.6: (a) Preformation Probability P0 as a function of fragment mass A2 for
the decay of 92Zr∗ formed via two incoming channels 16O+76Ge and 18O+74Ge at
`=`max(h̄) for deformed choice of nuclei (b) Summed up Preformation Probability
P0 as a function of angular momentum `(h̄) for LPs and IMF+fission fragments.

P0 is almost identical for both the reactions. Although, difference in magnitude of

P0 is observed being relatively smaller for 18O induced reaction (`max=67h̄) as com-

pared to that for 16O induced reaction (`max=70h̄). The light particle contribution

to the summed-up P0 is maximum at lower `-value, whereas the same gets reduced

at higher angular momentum and vice versa for IMFs+fission fragments for both the

reaction channels. It is also observed that LPs and IMFs+fission fragments share

almost same P0'0.5 at a particular angular momentum, i.e. at ∼45h̄ and 50h̄ for

18O and 16O induced reactions respectively.

To investigate further, we have plotted the barrier-lowering parameter [16] at

different `’s for the decay of 92Zr∗ nucleus, formed in the above mentioned reaction

channels and is shown in Fig. 4.7. The variation of ∆VB is almost similar for both

the reaction channels. Independent of choice of entrance channel, the magnitude

of ∆VB is minimum at higher angular momentum and increases as the angular

momentum decreases. Further, ∆VB is lowest for LPs as compared to IMF+fission
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SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.7: Barrier lowering parameter ∆VB as a function of angular momentum `
for the decay of 92Zr∗ nuclei formed in 16O+76Ge and 18O+74Ge reactions.

fragments (not shown here) which indicates that relatively lesser barrier modification

is needed for LPs as compared to IMF+fission decay for both the entrance channels.

In other words, the behavior of barrier lowering parameter is almost similar for both

reactions. Concludingly, the observations drawn from Fig. 4.6 and Fig. 4.7 indicate

that the decay of 92Zr∗ nucleus is almost independent of the choice of entrance

channel.

So far the role of incoming channel has been studied in 92Zr∗ nucleus formed in

16O and 18O induced reactions. As a next step, an attempt is made to check the con-

sistency of above results in reference to much lighter mass 76Kr∗ nucleus, which is also

formed via reactions involving same projectiles. Interestingly, both these reactions

form an ideal case to explore the effect of entrance channel in reactions involving

16,18O projectiles. Apparently, both 16O+60Ni and 18O+58Ni reactions studied here

involve spherical magic projectile and target nucleus, giving rise to deformed magic

CN and thus form a subject of great interest. In framework of DCM, the decay of

deformed magic 76Kr∗ nucleus is studied in form of LP emission in reference to the

available experimental data [10]. The calculations have been made at two compara-

ble center-of-mass energies, Ec.m.∼31 MeV and Ec.m.∼48 MeV. Fig. 4.8 (a) and (b)
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illustrate the fragmentation potentials V (MeV) for the decay of the parent nucleus

76Kr∗ at Ec.m.∼31 and 48 MeV at corresponding extreme ` values, `max= 41h̄ and

`max= 42h̄ respectively. From the figure it is observed that the structure of fragmen-

tation potential is almost similar for both the reactions. An increase in magnitude

of PES is observed while going from 16O to 18O induced reaction. The fragmentation

potential for both the reactions is higher in magnitude at Ec.m.∼48 MeV as com-

pared to Ec.m.∼31MeV. Based on the fragmentation potential in Fig. 4.8 (a) and

(b), the preformation probability P0 is plotted in Fig. 4.8 (c) and (d) as a function

of light mass fragment A2 for both the reaction channels. It is relevant to mention

here that, in framework of DCM, cross sections follow the trend of preformation

probability P0, which means that structure effects are addressed via preformation

probability of decaying fragments. Figs. 4.8 (c) and (d) show that no much change

on structure is evident for both the reactions at extreme energies. Interestingly,

despite of difference in fragmentation potential for two channels, the variation of P0

for both reaction starts overlapping particularly at higher incident energies. Only

a small difference in structure for IMF/HMF region is observed at lowest energy

which may be neglected as the LPs form the dominant decay mode for 76Kr∗ nu-

cleus. All these results indicate that no significant signature of entrance channel is

observed in the decay of 76Kr∗ nucleus as well. The DCM calculated σLP for 76Kr∗

system show a nice agreement with the experimental data. An explicit representa-

tion of the results obtained from these calculations (for β2 deformation) is given in

Table 4.3, where the calculated LP cross sections at both energies for 16O+60Ni and

18O+58Ni reactions are presented along with corresponding neck length values and

the experimental data [10].

4.2.3 Effect of projectile mass in the decay of Sn∗ nuclei

In this chapter, a description of various nuclei formed in 16,18O reactions has been

presented by focussing on various features such as deformation and orientation ef-
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SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.8: Fragmentation potential (a, b panel) and Preformation Probability
P0 (c, d panel), plotted as a function of fragment mass A2 for 16O+60Ni→76Kr∗,
18O+58Ni→76Kr∗ reactions at extreme center of mass energies i.e. Ec.m.=31 MeV
and 48 MeV.

Table 4.3: The LPs cross-sections for 76Kr∗ and 108,110Sn∗ systems, calculated using
DCM, at extreme Ec.m.’s for different entrance channel compared with respective
experimental data [10,11].

Projectile Target CN Ec.m. Temp. ∆R (fm) `max(h̄) σ
DCM
LP (mb) σExpt.(mb)

(MeV) (MeV) LP

16O 60Ni 76Kr∗ 31.6 1.988 1.350 41 22.9 23
16O 60Ni 76Kr∗ 47.4 2.424 1.863 42 665 668

18O 58Ni 76Kr∗ 31.2 2.214 1.419 41 54.6 55
18O 58Ni 76Kr∗ 48.8 2.653 1.938 42 789 789

16O 92Mo 108Sn∗ 42.6 1.704 1.06 73 2.50 2.56
16O 92Mo 108Sn∗ 48.9 1.856 1.42 74 136 133

18O 92Mo 110Sn∗ 42.0 1.856 0.994 77 1.96 1.96
18O 92Mo 110Sn∗ 48.7 2.00 1.337 78 95.3 95
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Figure 4.9: Variation of (a) Fragmentation Potential V (MeV) (b) Preformation
Probability P0 for the decay of 108,110Sn∗ as a function of fragment mass A2 at
lowest energy i.e. Ec.m.∼31 MeV.

fects, role of iso-spin (N/Z ratio) and mass of CN formed besides exploring the effect

of incoming channel, by studying the decay of CN formed through different projec-

tile and target combinations. Further, in order to have a comprehensive picture of

this analysis, we have also made an attempt to study the role of above mentioned

projectiles in the reactions involving same target nucleus. With this interest the

decay of proton magic 108,110Sn∗ nuclei formed via 16,18O+92Mo reactions is studied.

In framework of DCM the calculations for the decay of 108,110Sn∗ nuclei studied in

form of LP emission have been done in reference to the experimental data of [11].

Fig. 4.9 shows the the fragmentation potential as a function of light fragment mass

A2 and preformation probability P0 as a function of fragment mass Ai, i = 1, 2, for

the decay of 108,110Sn∗ nuclei, calculated for `max=73h̄ and `max=77h̄ corresponding

to 16O+92Mo and 18O+92Mo reactions, at Ec.m.∼42 MeV and with the inclusion of

quadrupole deformation.

It is observed that, except for the difference in structure of PESs for IMF/HMF

region, the fragmentation potential is almost identical with the presence of α- nucleus
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Figure 4.10: Same as Fig. 4.9 but plotted at highest energy i.e. Ec.m.∼ 48 MeV.

structure in both the channels. Moreover, the variation of preformation probability

illustrates near symmetric mass distribution for both the reactions, with a very

small difference observed in IMF/HMF region. The results are consistent with

those obtained at relatively higher incident energy (∼ 48 MeV) as depicted in Fig.

4.10. These observations give us an idea that the decay of 108,110Sn∗ isotopes is

independent of mass of projectile involved and does not effect the decay process of

108,110Sn∗ nuclei.

Finally, Fig. 4.11 (a) and (b) presents a comparative description of all the three

systems formed in 16O induced and 18O induced reactions respectively in form of

summed up preformation probability P0 as a function of angular momentum ` upto

`max. From Fig. 4.11 (a) it is observed that a systematic trend in variation of P0

is observed for the 76Kr∗,92Zr∗ and 108Sn∗ nuclei. At lower `-values, the aggregated

preformation factor is higher and almost same for three nuclei. After certain `-value,

which is lowest for lighter nuclei 76Kr∗ and increases from 37h̄ to 52h̄ with increase

in mass of CN from 92Zr∗ to 108Sn, the preformation factor adopt a downwards trend

with increase in `-values. In Fig. 4.11 (b), the results are plotted for 76Kr∗,92Zr∗

and 110Sn∗ nuclei formed via 18O channel. It is observed that the general trend of

Po for all three systems is similar to that observed for 16O induced reaction.
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Figure 4.11: Summed up Preformation Probability P0 plotted as a function of an-
gular momentum ` for 16O and 18O induced reactions.

4.3 Conclusions

In this chapter, we have studied the decay process of different compound systems

formed via 16,18O induced reactions. DCM is used to investigate isotopic dependance,

entrance channel effects and role of projectile mass by using spherical and deformed

choices of fragmentation. The theoretically calculated decay cross-sections find nice

agreement with experimental data. The deformations and orientation effects are

shown to play significant role in the isotopic analysis of Zr systems. Moreover

the entrance channel independence is examined for heaviest 92Zr∗ isotope formed

through 16,18O induced reactions and this result seems consistent with decay pattern

of 76Kr∗ system formed with same projectiles. Beside this, effect of target mass in

the decay mechanism of deformed magic 108,110Sn∗ systems is also worked out. The

present set of calculations provide a comprehensive description of decay patterns

observed in 16,18O induced reactions and inturn provide useful insight regarding the

dynamics of light mass nuclei.

It may be noted that the rotational energy component for the calculations per-
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formed in chapters 3 and 4, is estimated using sticking choice of moment of inertia.

In the subsequent chapter, an attempt is made to explore the relative effect of stick-

ing verses non-sticking choice of interaction in view of dynamical evolution of nuclei

formed in heavy ion induced reactions.
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Chapter 5

Role of sticking vs non-sticking

limits of moment of inertia in the

dynamics of Rn compound system

In previous chapter, the dynamical effects of light mass nuclei were explored in

view of N/Z ratio, excitation energy, deformation and orientation etc. Here in this

chapter, the role of rotational energy is tested in the dynamics of two isotopes of

Rn compound nucleus i.e. 214Rn∗ and 216Rn∗ nuclei using the sticking (IS) and the

non-sticking (INS) limits of moment of inertia. Beside this, the nuclear deformation

effects i.e. quadrupole β2 (static and dynamic) and higher order static deformation

up to β4 are duly incorporated. In previous chapters, the deformation effects were

included upto β2 only. Furthermore, the influence of increase in energy and neutron

number is analyzed in reference to ER survival probability of Rn compound nucleus.

5.1 Introduction

The study of fusion-fission dynamics in heavy-ion-induced reactions remain a subject

of vigorous research during last few decades. The time evolution of the composite

system and the parameters on which the dynamics depends are still not fully under-
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stood. Perhaps, a organized study of these reactions can divulge information about

the complex dynamics engrossed in the process. Evaporation residues (ERs) are con-

sidered as signature of compound nucleus (CN) formation, and substantial attempts

are devoted to address dynamical behavior of light, heavy and superheavy nuclei.

The production of superheavy elements are determined by the capture probability

of the projectile-target systems inside the interaction barrier, with a probability of

forming a fully equilibrated CN and finally the survival probability of this heavy nu-

cleus is examined against the fission decay. Evaporation residue is the heavy residual

nucleus that survives the fission and its existence crucially rely on the competition

between fission, heavy fragment emission and γ evaporation channels of CN. As a

consequence, the ER channel serves as a sensitive probe to investigate the fission

dynamics particularly in pre-saddle region [1–3].

The ER cross-sections have been measured for a number of compound nuclei in

mass region ≥ 200, where fission forms an important decay channel. Recently, an

experiment [4] was performed at 15 UD Pelletron accelerator facility of the IUAC,

in order to measure the evaporation residue cross-sections of 16,18O+198Pt reactions

forming 214,216Rn∗ compound systems over a wide range of center of mass energies.

In order to measure the fission excitation functions of 16,18O+198Pt reactions, GPSC

experiment [5] was conducted at a beam energy range of 85-107 MeV.

The fusion evaporation and fusion-fission (ff) processes are affected by the exci-

tation energy of projectile (or corresponding temperature), total angular momentum

and associated moment of inertia etc. Considering this, present work involves the

study of ER and ff processes where angular momentum effects are explored via

two approaches of moment of inertia called as sticking IS and non-sticking INS lim-

its [6,7]. In IS limit of moment of inertia (MOI), Cindro and Picanic [6] considered

the rotation of two touching spheres about their common center of mass, which for

two separated spheres gives the “non-sticking” INS limit of moment of inertia. In

the present work, the dynamical cluster decay model (DCM) [8–10] is employed to
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address ER and ff cross-sections of 214,216Rn∗ compound nuclei. In DCM based cal-

culations, the decay cross-sections are mostly estimated within MOI in IS limit due

to the use of proximity potential of Blocki et al. [11], which otherwise for fission frag-

ment anisotropy [12], favors INS limit where intrinsic rotation is absent owing to the

small separation distance between fragments. Beside the role of moment of inertia,

the effect of multipole deformation is also tested in the decay of 214,216Rn∗ compound

nuclei. The calculations are done by considering the fragments to be spherical, static

and dynamic quadrupole deformed (β2) with optimum orientations [13] and static

hexadecapole deformed (β4(T=0)) with compact orientations [14]. The ground state

deformations are taken from the work of [15]. It is to be noted here that, the static

deformation finds its origin in the shell effects. At higher energies, the shell ef-

fects disappear and the deformation effects get minimized reaches towards zero. In

that case, the deformation parameter changes with temperature and the same effect

may be included by employing dynamic deformations as suggested in [16]. In this

chapter, a comparative analysis of IS and INS limit of moment of inertia is worked

out in terms of barrier characteristics, preformation probability and barrier lowering

effects along with role of deformation and orientation of decaying fragments. It is

observed that, for both the compound nuclei, the barrier height is greater (barrier

position is lower) for INS limit as compare to moment of inertia in sticking limit.

Moreover, the highest barrier height is obtained with static quadrupole deformation

and lowest for static hexadecapole deformation, while spherical and dynamics cases

operate between the two. The effect of moment of inertia (MOI) and deformations is

further apparent from the preformation probability of decaying fragments as fission

window changes significantly for the use of different approaches.

The authors of 214,216Rn∗ [4, 5] have also performed two independent theoreti-

cal calculations in order to address ER and fission data. Under statistical model,

Kramers’s fission width is used as free parameter to fit the experimentally extracted

ER data, however PACE2 code is employed to address fission data. DCM has the
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advantage to treat both the decay processes i.e., ER and fission fragments on equal

footing. The reason behind choosing above mentioned reactions is that, the experi-

mental data for ER and ff cross-sections are available in same center of mass energy

range, which on earlier occasions was accounted individually either for evaporation

or ff channels [10, 17–20] within IS or INS limit of MOI. In DCM, the experimental

data is addressed by optimizing the neck-length ∆R, and the calculated ER shows

good comparison with available data for IS approach for all considered choices of

deformations, except for ff data at highest energy, which could be addressed only

after the inclusion of higher order static deformations (upto β4(0)). On the other

hand INS limit seems suitable only for ER channel. Beside this, the effect of increase

in energy and neutron number on the survival probability of Rn system is estimated

in view of sticking limit of interaction.

The purpose of this work is three fold (i) to analyze the effect of sticking vs non-

sticking moment of inertia in context of ER and ff processes. (ii) to see the role of

quadrupole and hexadecapole deformations and corresponding orientations degree of

freedom. (iii) to address the survival probability of 214,216Rn∗ nuclei against fission.

The chapter is organized as follows. The Calculations and results are described in

Section 5.2 and the results are summarized in Section 5.3.

5.2 Calculations and Results

The feasibility of moment of inertia (MOI) in sticking and/or non-sticking limit is

tested for ER and ff paths in terms of barrier characteristics, preformation proba-

bility and barrier lowering effects etc. The role of static and dynamic deformation

upto β2 and higher multipole static deformations upto β4 are worked out for bet-

ter understanding of dynamical paths governed in view of 16,18O+198Pt reactions.

Moreover, ER survival probability of 16,18O+198Pt channels against fission is also es-

timated. Finally, the ff cross-sections for both the channels are predicted, wherever

experimental data is not available.
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Figure 5.1: The decay barrier height VB and barrier position RB (shown in inset)
of 214Rn∗ compound nucleus plotted as a function of angular momentum ` calcu-
lated with (a) non-sticking limit INS and (b) sticking limit IS of moment of inertia
including spherical, static and dynamics β2 deformations and static higher order β4
deformation of nuclei.

5.2.1 Effect of sticking and non-sticking interactions on bar-

rier characterstics

We first probe the relative role of different limits of moment of inertia ‘I’ i.e. sticking

(IS) and non-sticking (INS) limits in the total interaction potential. For the purpose,

we have plotted the decay barrier heights VB and barrier positions RB as a function

of angular momentum (`) using both the choices of moment of inertia as illustrated

respectively in Fig. 5.1(a) and (b). The variation is shown at fixed center of mass

energy Ec.m. =79.8 MeV for the decay of CN 214Rn∗→16O+198Pt. The calculations

are made for spherical, static and dynamic quadrupole and static hexadecapole

choices of deformations. The `max for INS choice is 20h̄ so the variation of VB and

RB is plotted in the range `=0h̄ to 20h̄, for both the cases. One may notice from Fig.

5.1 that, (i) VB increases and RB decreases (shown in inset of Fig. 5.1(a) and (b))

with increase in angular momentum for both non-sticking as well as sticking limits
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SECTION 5.2: CALCULATIONS AND RESULTS

Figure 5.2: Upper panel shows the de-
cay barrier height VB and lower panel
shows the decay barrier position RB
plotted as a function of orientation an-
gle θ for 214,216Rn∗→16,18O+198Pt with
sticking limit of moment of inertia. De-
formations are included upto β4.

Figure 5.3: Barrier height VB
as a function of orientation an-
gle θ plotted for both quadrupole
(scale on left side) and hexade-
capole (scale on right side) defor-
mations for 198Pt and 16O (shown
in inset) nuclei. θ1 and θ2 re-
spectively corresponds to angles
of 16O and 198Pt nuclei and β2i

and β4i (i=1,2) corresponds to
quadrupole and hexadecapole de-
formation of 16O and 198Pt nuclei.

irrespective of deformation degree of freedom (ii) the increase in barrier height is

much steeper for INS choice as compared to that for IS (iii) the barrier position within

INS limit shifted more rapidly towards the lower interaction radius in comparison to

IS (iv) the barrier height as well as barrier position gets modified, depending upon

the choice of deformation, since lowest barrier height and corresponding highest

barrier position is observed for higher order deformation and vice-versa for β2(0)

choice of nuclei, with spherical case operating in between the two.

To investigate further, the effect of sticking IS and non-sticking INS limits of

moment of inertia is studied in view of orientation degree of freedom. Here, the ori-

entation angle for quadrupole deformations are optimized with respect to its signs

(±, zero) [13]. The optimized orientations help to decide the most compact (or elon-

gated) configuration during the formation of compound nucleus via equatorial (or
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polar) collision. However, when higher order deformations are taken into account,

the optimized orientation criteria do not work i.e. while taking hexadecapole defor-

mation (β4), the most compact configuration is obtained by fixing the orientation

angle for smallest interaction radius RB and equivalently for the highest interaction

barrier VB for hot orientation approach. In view of this, Fig. 5.2 is plotted, showing

the barrier characteristics (i.e. barrier height and barrier position) as a function of

orientation angle estimated using hexadecapole deformation, for the decay of Rn

nuclei via projectile like fragments (214Rn∗→16O+198Pt, 216Rn∗→18O+198Pt).

It is anticipated from the Fig. 5.2 that, for both 214Rn∗ and 216Rn∗ systems, the

barrier is highest and most compact at (108o,0o) referred as not-belly to belly com-

pact (nbbc) configuration [14]. For further detail, we have plotted Fig. 5.3, showing

the individual variation of barrier height for 198Pt and 16O (shown in inset) nuclei as

a function of orientation angle θ including both quadrupole β2 and hexadecapole β4

deformations. The β2i and β4i (i=1,2) of both nuclei are shown in figure, taken from

the work of Moller and Nix [15]. Firstly, we have fixed the angle of one nucleus and

varied the other. Here in Fig. 5.3, we have varied the angle of 198Pt (θ2) and angle

corresponding to 16O (θ1) is fixed. It is observed that, by taking β2-deformation only,

the highest barrier is obtained at θ2=00 (θ1=900) referred as optimum configuration

and on adding hexadecapole deformation β2+β4, the largest barrier height remain

at 00 (θ1=1080) but corresponds to compact configuration [14]. This means that

the deviation in configuration from optimum to compact is due to the influence of

large hexadecapole deformation of 16O (β21=0.021, β41=-0.108), whereas deforma-

tion of 198Pt seems to play a silent role. In conclusion we found that, on considering

quadrupole deformation, the optimum angle is obtained at (900,00), whereas the

same gets shifted to (1080,00), after inclusion of β4-effect. Same results are obtained

for the decay of 216Rn∗→18O+198Pt nucleus. It is important to mention here that,

the compactness of nuclei is independent of the choice of the moment of inertia i.e.

the same nbbc configuration is observed if we opt for sticking or non-sticking limit
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of the moment of inertia. Since the decay barrier height is significantly influenced

by the choice of deformations and related orientations of nuclei. Hence, a study

comprising of such effects may impart useful information regarding the dynamical

behavior of chosen reactions.

5.2.2 Role of moment of inertia and deformations on struc-

ture and decay cross-sections of 214,216Rn∗ compound

nuclei

The effect of moment of inertia (INS and IS) and deformation is further evident from

the Fig. 5.4, which shows the preformation probability P0 for the decay of 214,216Rn∗

compound nuclei plotted as a function of fragments mass A2. Fig. 5.4(a) represents

the mass distribution of 214Rn∗ CN at Ec.m.=79.8 MeV for spherical, static β2(0),

dynamic β2(T) as well as static higher order deformation β4(0). It is clearly observed

from Fig. 5.4(a) that, for 214Rn∗ compound nucleus, on using INS limit of moment

of inertia, asymmetric fission peaks appear along with some contribution from sym-

metric window for spherical and β2(T) choice of nuclei, however for β2(0) and β4(0)

deformations, the contribution of symmetric region significantly suppressed. On

the other hand, within IS limit, for spherical choice, the symmetric fission fragments

start contributing within mass range A2=77-107 (and corresponding complementary

fragments), whereas, mass yield distribution remain clearly asymmetric for β2-static,

-dynamic and higher order deformations with mass range A2=74-94, A2=71-97/103-

107 and A2=69-95 (and corresponding complementary fragments) respectively as

shown in Fig. 5.4(b). It may be noted that, the magnitude of both symmetric

and asymmetric peaks is much higher in IS case as comparison to that for INS ap-

proach. It suggest that, the choice of moment of inertia and deformations influence

the contribution of fission fragments significantly.

Now to see the impact of moment of inertia on another isotope of Rn i.e. 216Rn∗,

Fig. 5.4(c) and (d) are plotted. The comparison is made at common lowest center
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Figure 5.4: Preformation probability P0 as a function of fragments mass A2 plotted
using both limits of moment of inertia (a),(c) for 16O+198Pt reaction and (b),(d) for
18O+198Pt reaction.

Figure 5.5: Variation of Neck-length parameter ∆R (fm) as a function of Ec.m. (MeV)
of both choices of moment of inertia for the decay of 214Rn∗ CN into (a) ER and (b)
ff fragments.
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SECTION 5.2: CALCULATIONS AND RESULTS

Figure 5.6: Comparison of (a) fusion evaporation and (b) fusion-fission cross-sections
with experimental data [4,5] as a function of center of mass energy Ec.m. for the decay
of CN 214Rn∗ formed in 16O+198Pt reaction using IS and INS approaches.

of mass energy i.e. Ec.m.=79.8 MeV for both the reactions within sticking as well

as non-sticking limit of interactions. On comparing the fission distribution of both

compound systems, we observe the following: (i) within INS limit of MOI the decay

of 216Rn∗ CN show the asymmetric mass distribution for all considered choice of

deformation. (ii) interestingly, for 216Rn∗ compound system, the hump structure at

A2=84 (appearing for both INS and IS limit) corresponds to existence of magic shell

at N=50, which is not so prominent for neutron deficient system i.e. for 214Rn∗ CN. It

is important to note here that, for 214Rn∗ nucleus the preformation factors for β2(0)

and β2-β4(0) deformations almost overlap with each other within both the choice of

MOI (as shown in Fig. 5.4(a) and (b)), thereby suggesting the preformation of the

same (symmetric and/or asymmetric) fragments for both the choices. Although, for

216Rn∗ system, the variation between magnitude of β2(0) and β4(0) deformations is

significant, shown respectively in Fig. 5.4(c) and (d). Therefore on broader view,

we came to a conclusion that, with increase of two neutron in Rn CN, in addition

to marginal change the magnitude of P0, some structure variation is also perceived

within both IS and INS limit of MOI.
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Table 5.1: The ER and fission cross-sections for 216Rn∗ system, calculated for moment of inertia in sticking limit using the DCM
at different Ec.m.’s for static, dynamic deformations upto quadrupole (β2) alone and static hexadecapole deformation (β4(0)),
compared with the experimental data [4, 5].

Ec.m. Temp. ∆R(fm) `max(h̄) σDCM(mb) σExpt.(mb)

(MeV) (MeV) Sph. β2(0) β2(T) β4(0) Sph. β2(0) β2(T) β4(0) Sph. β2(0) β2(T) β4(0)

Evaporation Residue (ER)

76.0 1.391 1.807 1.773 1.791 1.740 132 135 134 134 174.0 174.0 175.0 176.0 174.7±25.0

79.8 1.447 1.884 1.846 1.866 1.813 131 135 133 133 302.0 301.9 301.0 300.0 301.9±43.6

91.9 1.614 1.953 1.909 1.932 1.880 132 137 136 135 469.0 472.0 472.0 474.0 472.0±74.1

96.6 1.674 1.957 1.910 1.932 1.857 133 137 136 138 458.0 459.7 458.0 458.0 459.7±73.5

Fusion-Fission (ff)

76.0 1.391 0.897 0.913 0.859 0.925 137 141 140 138 32.6 31.4 34.2 33.6 32.77

79.8 1.447 0.980 0.981 0.961 1.014 137 140 140 138 78.4 77.0 76.8 76.0 77.21

91.9 1.614 1.198 1.174 1.169 1.253 139 143 142 141 536.0 544.0 540 536.0 536.8

96.6 1.674 1.21 1.215 1.197 1.317 140 144 142 144 500.0 656 624 774.0 776.4
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SECTION 5.2: CALCULATIONS AND RESULTS

Following the experimental data [4, 5] of 214Rn∗ and 216Rn∗ compound systems,

we have addressed the ER and ff excitation functions within parameterizations of

the neck length “∆R” using both choices of MOI. The calculations are done by

using spherical, temperature independent quadrupole β2 and higher order β4(0) de-

formations as well as temperature dependent β2 deformation. The cross-sections

of ER are calculated at those energies, where ff data is available. Fig. 5.5 shows

the variation of neck-length ∆R for ER and ff channels as a function of center of

mass energy Ec.m. for 214Rn∗ system. Fig. 5.5(a) shows that, the magnitude of neck-

length parameter for INS limit is much higher as compare to IS limit and it increases

with increase in center of mass energy, which is in accordance with the earlier work

performed for relatively smaller compound systems 96Tc∗ [19] using static-β2 de-

formed nuclei. However, the present calculations preformed using spherical, β2(0),

β2(T) and β4(0) choices of deformations show similar behavior of ∆R within both

INS and IS limits. It is clearly observed from Fig. 5.5(a) that, within INS limit

almost same neck-length is required to address ER data for all chosen spherical and

deformed cases, which otherwise for IS limit show deformation dependent behav-

ior. The calculations performed for ff data reveal that, INS limit of MOI couldn’t

address the fission excitation function, thus in Fig. 5.5(b) the variation of ∆R for

ff is shown only for the case of IS limit. On comparing Fig. 5.5 (a) and (b), one

may observe that, the neck-length for ff (0.95<∆R<1.35) is less in comparison to

ER (1.75<∆R<1.9). Here the neck-lenght parameter ‘∆R’ indicates the time scale

of emission of a particular decay mode, so one may presume that ER process is

occurring at an earlier instant as compared to that for ff process. The comparison

of ER and ff cross-sections with experimental data is further shown in Fig. 5.6(a)

and (b) respectively. It is clear from figure that, the data of both ER and ff is nicely

addressed for the use of MOI in IS limit, except at highest energy for ff which is fitted

by inclusion of static higher order deformations i.e. β4(0) as shown in Fig. 5.6(b).

Although, INS approach provides feasible addressal of data at all energies only for
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Figure 5.7: Variation of angular momentum ` (h̄) calculated with both choices of
moment of inertia for 16O+198Pt→214Rn∗ reaction (a) for ER and (b) for ff fragments
as a function of Ec.m..

ER channel, using spherical, β2(0), β2(T) and β4(0) deformations but is unable to

address ff data. This might be because of following reasons, (i) within INS limit,

one of the contributing factor towards cross-sections, the preformation probability

of ff fragments is negligibly small i.e. ∼ < 10−10, which otherwise is significantly

large for IS limit (see Fig. 5.4). (ii) the contributing `-values are much quite small

for INS limit as compared to IS limit (as shown in Fig. 5.7), which could be the

another possible reason for not acquiring the ff data within non-sticking limit. Same

observations are obtained for 216Rn∗ nucleus as depicted in Table 5.1. Therefore one

may conclude that, the sticking limit (IS) of MOI with the effect of higher order

of deformation β4(0) support the fission excitation functions, whereas for evapora-

tion residue cross-sections, both IS and INS approaches are reasonably good within

chosen cases of spherical and deformed fragments.

One interesting fact to be observed here is that, with the increase of two neu-

tron, the ER cross-section is enhanced i.e. 216Rn∗ has more σER than 214Rn∗. It

is possibly due to the reason that, the decay barrier height of 216Rn∗ is lower than

214Rn∗ (214Rn∗:VB=75.05 MeV and 216Rn∗:VB=74.11 MeV). Since lower is the decay
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SECTION 5.2: CALCULATIONS AND RESULTS

Figure 5.8: The summed up preformation probability P0, transmission probability
P, and particle cross-sections of two compound nuclei 214,216Rn∗ calculated by using
static quadrupole deformation shown in upper panel and hexadecapole deformation
shown in lower panel plotted as a function of light mass number Xi (i=1, 2, 3,4).

barrier height, greater would be the decay probability and consequently measured

cross-section of the ER fragments for 216Rn∗ become larger than those of 214Rn∗

compound nucleus. In order to clarify this point further, an effort is made, where

the individual contribution of ER cross-sections of both compound nuclei 214,216Rn∗

are tested in the form of summed up preformation probability and barrier transmis-

sion probability of decaying fragments using static β2 and β4 choices of deformed

fragments. In view of this, Fig. 5.8 is plotted, showing the variation of summed

up preformation factor P0, barrier penetrability P and ER cross-section σER (i.e.

A2=1n, 2n, 3n, 4H) [21] using sticking limit of MOI. It is evident from Fig. 5.8(a)

and (b) that, the P0 show decrement in its values with increase in light mass frag-

ment i.e. P0
1n>P0

2n>P0
3n>P0

4H . In view of Eq. (2.28) of chapter 2, one may see

that preformation is directly related with the hydrodynamical mass parameter Bηη,

greater the value of Bηη, more will be the preformation probability. Bηη for 1n is

higher and least for 4H fragment and consequently similar trend is observed in P0

as shown in Fig. 5.8(a,b). The summed up preformation probability of both 214Rn∗

and 216Rn∗ compound nuclei is different but above mentioned trend is followed in
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both the cases. However, in the case of transmission probability P, the reverse pat-

tern is pointed out i.e. P1n<P2n<P3n<P4H as shown in Fig. 5.8(c) and (d). It is

clear from Eq. 2.34 that, the penetrability is decided by the first and second turning

points of decay barrier. The first turning point Ra of 1n fragment is far away from

the second turning point Rb thereby decreasing the penetrability and start closer for

2n, 3n and 4H fragments, consequently P start increasing for them. For all light

mass fragments, P is greater for 216Rn∗ in comparison to 214Rn∗. Therefore, using

quadrupole deformation, the combined effect of P0 and P is such that, 1n particle

cross-sections of 216Rn∗ are higher than 214Rn∗ followed by 2n, 4H and 3n particles

(as shown in Fig. 5.8(e)). Whereas on adding hexadecapole deformations, same

systematic is obeyed, except for 3n-particle, for which higher order deformation of

corresponding daughter fragment seem to play significant role which is analysed

further in Fig. 5.8(f).

Now, within INS and IS limits of interactions, the barrier lowering effect is also

worked out, as an inbuilt property of the DCM. The neck-length ∆R fixes the barrier

lowering ∆VB, for best fit to the ER and ff data. The barrier modification ∆VB

depends upon the barrier height VB and barrier penetration point V(Ra) as shown

in Eq. (2.52) of chapter 2. The Fig. 5.9 illustrates the barrier lowering ∆VB for

16O+198Pt reaction as a function of angular momentum ` for both choices of MOI

using β2-static and β4-static deformed cases. The left and right panels of figure

depict the ∆VB respectively for ER and ff processes. It is clear from Fig. 5.9(a)

that, for ER channel, irrespective of moment of inertia, ∆VB decrease (in magnitude)

with increase in `-value of the system independent of the order of deformation. On

the other hand for IS limit, in order to address ER cross-section, one need to modify

barrier more as compared to INS limit (shown in inset of Fig. 5.9(a)), as the barrier

lowering is larger (in magnitude) for IS limit of interaction as compared to INS

limit. One may remind here that, in INS approach, ∆R is higher in magnitude, and

increase in ∆R shows that the first turning point approaches close to the barrier
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Figure 5.9: Variation of barrier lowering parameter ∆VB for (a) ER and (b) ff
fragment as a function of angular momentum `(h̄) using β2(0) and β4(0) deformed
nuclei with sticking limit of moment of inertia for 16O+198Pt channel. Inset in (a)
shows the ∆VB within non-sticking limit of moment of inertia. Inset in (b) depicts
the scattering potential for the decay of 214Rn∗ into ER and ff channels.

height, which inturn indicate that the barrier lowering (∆VB) parameter decreases as

compared to IS approach. The difference in barrier lowering is further analyzed for

two exit channels i.e. the decay of 214Rn∗ into 210At+4H for ER and to 128Sn+86Kr

for ff as shown in Fig. 5.9(a) and (b). Figures depict that, though the variation of

∆VB is almost similar for both the exit channels (∆VB increases almost linearly with

angular momentum `), but the magnitude of ∆VB is larger for ff as compared to ER.

This means that, lesser barrier modification is required for ER decay. This point is

clarified in the inset of Fig. 5.9(b), by plotting the scattering potential V(R) for the

above mentioned ER and ff decay channels. One may observe that, the potential at

first turning point V(Ra) and barrier height VB are different for both the channels

and consequently the ∆VB gets modified. The different values of V(Ra) for both the

exit channels are related with the corresponding choice(s) of neck-length parameter
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∆R. For the addressal of ER data, a larger neck-length is required as compared to

ff (see Fig. 5.5) and therefore the first turning points are influenced accordingly.

The barrier height VB is also modified as we move from smaller fragments to bigger

ones. As a result of this, the barrier modification is distinct for ER and ff like

fragments as represented in Fig. 5.9 (a) and (b). Similar observation are drawn for

216Rn∗ systems, but not discussed here to avoid the repetition. Thus the present

study clearly emphasize that the different limits of MOI significantly influence the

barrier modification parameter which inturn help to address the excitation functions

of different nuclear systems.

5.2.3 Survival Probability and prediction of fission cross-

sections

In addition to above, the survival probability Wsur of ER is calculated for both

compound nuclei 214,216Rn∗ as shown in Fig. 5.10. The figure is plotted in view of

sticking limit of MOI as it is applicable for both ER and ff processes. The comparison

is made at those excitation energies where experimental ff data is available. The

Wsur is obtained by ratio of the evaporation residue cross section σER to the CN

formation cross section σCN (i.e. a sum of σER and fusion-fission cross section σff ),

each calculated as the dynamical fragmentation process, i.e. survival probability

Wsur=
σER

σCN

, where σCN=σER + σff . The survival probability Wsur is estimated

for spherical as well as β2(0), β2(T) and β4 (0) choices of decaying fragments. It

is clearly observed from Fig. 5.10 that, only β4-choice of deformation is able to

reproduce the experimental survival probability of the considered nuclei at all center

of mass energies. Moreover, the Wsur of 214,216Rn∗ decreases with increase in energy

of the system, this essentially means that at highest energy, fission becomes the

dominate mode of decay. Table 5.1 and Fig. 5.6 also show that, with increase in

energy the experimental ER cross-sections decrease and ff start increasing. Here,

an increase in survival probability with neutron number is also observed as depicted
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Figure 5.10: Comparison of DCM calculated ER survival probability Wsur with cen-
ter of mass energy for 16O+198Pt and 18O+198Pt channels using different choices of
nuclei. Inset shows the comparison of Wsur of 16,18O+198Pt channels with hexade-
capole deformation only.

in inset of Fig. 5.10(b). For 216Rn∗ system with neutron number N = 130 has

higher value of Wsur and attain more stability against fission as compared to 214Rn∗

with N = 128. Finally, the ff cross-sections (σfission) are predicted for 214,216Rn∗

systems in missing energy range using the MOI in sticking limit. Since, in order

to fit ff excitation-functions, hexadecapole deformations are playing significant role,

therefore prediction is done by including β4(0) deformations only. The systematics of

neck-length ∆R is used in order to predict the fission data by employing polynomial

fitting of order 2 which reads as,

∆R = −1.60234 + 0.0444Ec.m − 1.4709 × 10−4E2
c.m (5.1)

for 214Rn∗ and for 216Rn∗ as

∆R = −2.80187 + 0.07253Ec.m − 3.0928 × 10−4E2
c.m (5.2)
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Table 5.2: Predicted fission cross-sections of 214,216Rn∗ systems, calculated via the
DCM using static hexadecapole deformation (β4(0)).

Ec.m.(MeV) Temp. (MeV) ∆R(fm) `max(h̄) σDCM(mb) σExpt.(mb)

16O+198Pt→214Rn∗

72.1 1.346 0.834 141 17.5 —

75.1 1.393 0.902 141 32.8 —

77.9 1.435 0.963 142 64.0 —

79.8 1.463 1.003 142 90.0 90.0

81.6 1.489 1.041 142 124.4 —

85.2 1.540 1.112 143 236.0 —

86.4 1.556 1.139 143 282.0 280.97

88.8 1.589 1.180 143 370.0 —

91.1 1.619 1.219 143 432.0 430.61

93.0 1.644 1.254 143 578.0 —

94.8 1.667 1.284 143 678.0 —

97.7 1.704 1.332 145 910.0 910.0
18O+198Pt→216Rn∗

71.4 1.319 0.8 138 9.62 —

76.0 1.391 0.925 138 33.6 32.77

79.8 1.447 1.014 138 76.0 77.21

84.4 1.513 1.116 138 175.4 —

88.2 1.565 1.189 139 322.0 —

91.9 1.614 1.253 141 536.0 536.8

96.6 1.674 1.317 144 774.0 776.4

Using the Ec.m. of ER as input, the neck length ∆R is obtained and is used to

estimate σfission for 214,216Rn∗ nuclei. The predicted cross-sections and the corre-

sponding ∆R and `-values are given in Table 5.2. An experimental verification is

called for these predicted fission cross sections.

5.3 Conclusions

In this chapter, a comparative analysis of sticking and non-sticking limits of moment

of inertia (MOI) is carried out in the reaction dynamics of 214,216Rn∗ compound nuclei

formed respectively in 16,18O+198Pt channels. For the purpose, spherical, quadrupole
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deformed β2 (static and dynamic) and static hexadecapole deformed β4(0) choices of

interaction are considered. It is observed that, the choice of moment of inertia (MOI)

significantly influences the barrier height (corresponding position) and the prefor-

mation paths of fragments formed at compound nuclear stage. The DCM based cal-

culations suggest that, spherical and β2(T) deformation behave alike whereas static

β2(0) and β4(0) deformations behave similar in preformation plot. The ER and

ff cross-sections are calculated by employing both the limits of moment of inertia.

We could account successfully the data of ER within both IS and INS interactions

at all incident energies for spherical as well as deformed choices of decaying frag-

ments. However, ff data is addressed only within IS limit, specially after including

deformations upto β4(0). The fitting is done by optimizing the neck-length ‘∆R’. In-

dependent of deformation and orientation effects, ∆RINS
>∆RIS

limit, which means

that, larger barrier modification is required for the use of IS as compared to that

for INS limit. Furthermore, the survival probability is estimated for both compound

nuclei and it is observed that 216Rn∗ with N=130 shows greater stability against

fission as compared to 214Rn∗ with N=128. Finally, an effort is made to predict the

ff data for 214,216Rn∗ compound nuclei by including higher order deformations (β4)

within sticking limit of MOI.

After explored the effect of entrance channel, excitation energy, angular momen-

tum and deformations in chapters 3 to 5. An attempt is made to study the use of

different nuclear interaction potentials in dynamics of light mass nuclei as discussed

in next chapter.
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Chapter 6

Use of different nuclear interaction

potentials in dynamics of light

mass nuclei

6.1 Introduction

In previous chapters, nuclear interaction potential is obtained via the analytical

methods such as Blocki based pocket formula. Such kind of approaches does not

contain spin-orbit coupling effects, though they affects the fusion-fission dynam-

ics appreciably. In this chapter, the coupling effects are accounted using different

Skyrme forces. For this study, semi-classical energy density formalism is applied,

where one can individually focus on spin-orbit density dependent and density inde-

pendent parts of nuclear potential. The effect of deformation and related orienta-

tions of colliding nuclei is duly incorporated in the calculations and the results are

discussed in section 6.2.1. Furthermore, the role of double spin-orbit parameters

(W0 and W′

0) in spin-orbit dependent potential is explored view of SkI2, SkI3 and

SkI4 Skyrme forces, discussed in section 6.2.2. In addition to this, the decay of

72Se∗ compound nucleus is examined via both SEDF and Blocki et al. potential and

efforts are made to address fusion hindrance phenomena as described in section 6.3.
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SECTION 6.2: DEFORMATION AND ORIENTATION EFFECTS ON
SPIN-ORBIT DENSITY DEPENDENT (VJ) AND INDEPENDENT

(VP ) POTENTIALS
Finally the outcomes of this chapter are presented in section 6.4.

6.2 Deformation and orientation effects on spin-

orbit density dependent (VJ) and indepen-

dent (VP) potentials

The aspect of nuclear deformations has been continually probed to analyze the

fusion-fission processes. A lot of work has been done by taking one of the tar-

get or projectile as deformed nucleus [1–4]. When the nuclear deformations are

incorporated in theoretical calculations, it is inherently necessary to account for

the relative orientation of the projectile and target nucleus for better understand-

ing of subsequent fusion dynamics. The orientation of the interacting nuclei has a

significant influence on the fusion barrier height and also affects the compactness

of the touching configuration. In order to have a better understanding of fusion

barrier characteristics, the contribution of nuclear interaction potential plays a sig-

nificant role. Various microscopic [5–7] and analytical approaches [8–10] have been

developed in literature to understand the nucleus-nucleus interaction potential. The

advantage of Skyrme based interactions over the competing proximity potentials is

that, they give detailed information about the interactions of individual nucleons

where the role of spin-orbit dependent and spin-orbit independent parts can be

analyzed separately. In this work, semi-classical Skyrme energy density formalism

(SEDF) is used to estimate the individual contribution of spin-orbit density depen-

dent VJ and spin-orbit density independent VP part of interaction potential. Until

now [4, 11–13], the contribution of VJ is explored by considering single spin-orbit

parameter (i.e. W0) only. In the present study, the role of double spin-orbit pa-

rameter W0 and W′

0 is explored in the framework of semi-classical SEDF approach.

Reinhard and Flocard [14] have used a systematic fitting procedure and determined

five parameterizations of the Skyrme functional. Out of these five, we have used
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three Skyrme forces i.e. SkI2, SkI3 and SkI4. The set SkI2 belongs to the standard

Skyrme functional. For the set SkI3, authors have enforced the constraint W′

0=0.

In this way, they impose a density dependence of the spin-orbit form factor propor-

tional to ρ=ρp+ρn as in the relativistic mean field (RMF) calculations. With SkI4

Skyrme force, they have investigated the generalized Skyrme parametrization with

the spin-orbit functional [15].

6.2.1 Influence of projectile shapes on VJ analyzed via Si-

induced reactions

The role of deformation (quadrupole deformed β2) and orientation is investigated

on spin-orbit density dependent potential VJ of nuclear potential. Here, an ef-

fort is made to analyze the possible role of orientation degree of freedom on spin-

orbit part via different β2-deformed shapes. To facilitate discussion on VJ due to

shape and orientation of deformed nuclei, calculations are performed for various Si-

induced reactions i.e. 24Si+30Si, 26Si+30Si, 28Si+30Si, 38Si+30Si 40Si+30Si, 42Si+30Si,

44Si+30Si,46Si+30Si, 48Si+30Si, 50Si+30Si, 52Si+30Si and 54Si+30Si having quadrupole

deformation (β2) within range of 0.023 ≤ β2≤ 0.531 (for prolate) and -0.242 ≤ β2≤

-0.592 (for oblate). The above mentioned reactions are chosen because the target

30Si is spherical, whereas projectiles are weakly and highly deformed with prolate

(p) and oblate (o) shapes. The ground state deformation of nuclei are taken from

the work of Moller and Nix [16]. The SKRA Skyrme force [17] is opted for the

study, because parameter set obtained from this force seem to address the nuclear

interactions adequately. Further the effect of spin-orbit term is explored on fusion

cross-sections (σfusion) obtained by using Wong formula [18].

First of all, we study the effect of orientation on spin-orbit potential by consid-

ering weakly and highly prolate systems i.e. 46Si+30Si and 54Si+30Si respectively

as shown in left and right panels of Fig. 6.1. The variation of VJ is shown for

different orientation degree of freedom θ i.e. from 00 to 900. It is observed from Fig.
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SECTION 6.2: DEFORMATION AND ORIENTATION EFFECTS ON
SPIN-ORBIT DENSITY DEPENDENT (VJ) AND INDEPENDENT

(VP ) POTENTIALS

Figure 6.1: Figure shows the variation of spin-orbit dependent part VJ(R) of inter-
action potential, plotted for different orientation degree of freedom θ (a) for weakly
prolate and (b) for highly prolate deformed nuclei. VJB represent the maximum
value of VJ and RJB is corresponding position, different for different orientations.

6.1(a) that, for weakly prolate system with β21 =0.023 and β22 =0.00, VJ increases

slowly with the change in orientation of projectile from 00 to 900. At an orientation

θ=00, the height of spin-orbit barrier is ∼ 6.0 MeV, which for orientation angle

of θ=900, increases to ∼ 6.5 MeV. Apparently, the spin-orbit barrier position RJB

is also affected by the orientation angles between the projectile and target as the

maximum RJB corresponds to θ1=00 and the minimum to θ1=900. On changing the

orientation from θ1 =00 to 900, the spin-orbit barrier position is shifting ∼ 0.1 fm

towards lower interaction radius, making system more compact. Similar results are

obtained for highly prolate system i.e. for 54Si+30Si reaction with β21 =0.531 and

β22 =0.00 as depicted in Fig. 6.1(b). One may clearly see that, the enhancement in

magnitude of VJ with respect to orientation degree of freedom is significantly high

for highly prolate projectile as compare to weakly prolate ones. At an orientation

angle of 900, VJ of highly prolate system is ∼ 6 MeV higher than weakly prolate

system.

Further, the effect of orientation on spin-orbit part is analyzed through weakly
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Figure 6.2: Same as Fig. 6.1 but for oblate shape nuclei.

and highly oblate shape nuclei as shown in Fig. 6.2. It is evident from the figure

that, regardless of magnitude of deformation, the decrement in magnitude of spin-

orbit barrier height VJB is observed from orientation 00 to 900 (see Fig. 6.2(a)

and Fig. 6.2(b)). The highest spin-orbit barrier and lowest spin-orbit position is

attained at θ1=00, θ2=1800. On changing the orientation of projectile from 00 to

900, the VJ get affected as following: (i) the VJB of weakly oblate system decreases

by about ∼ 6.0 MeV and shifts the spin-orbit barrier position ∼ 0.6 fm towards

higher interaction radius i.e. more elongated. (ii) for highly oblate system, the VJB

is decreased by ∼ 23.0 MeV and RJB moved ∼ 2.0 fm towards higher interaction

radius.

Moreover, on comparing VJB of weakly prolate (Fig. 6.1(a)) and weakly oblate

system (Fig. 6.2(a)) at their respective optimum orientations, we find that, in

comparison to weakly prolate system, VJB of weakly oblate system is enhanced by

about ∼ 5.2 MeV. However, VJB of highly oblate system is ∼ 14.4 MeV higher than

highly prolate system (see Fig. 6.1(b) and 2(b)).

The above analysis is further extended for other Si+Si reactions, where magni-

tude of deformation is in between 0.023 ≤ β2≤ 0.531 for prolate and -0.242 ≤ β2≤
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SPIN-ORBIT DENSITY DEPENDENT (VJ) AND INDEPENDENT

(VP ) POTENTIALS

Table 6.1: The spin-orbit barrier height VJB and spin-orbit barrier position RJB
of various prolate and oblate deformed systems with their optimum orientations
[19]. The coulomb barrier VCB is also shown in table below. β2-deformations are
taken from the theoretical work of Moller and Nix [16]. β21 and β22 represents the
deformation of projectile and target respectively.

AP AT θ1 θ2 β21 β22 VCB VJB RJB

(Si) (Si) (MeV) (MeV) (fm)
Prolate deformed nuclei

38 30 90 0 0.234 0 26.360 8.185 6.0
46 30 90 0 0.023 0 25.092 6.526 6.6
52 30 90 0 0.490 0 25.254 11.323 6.2
54 30 90 0 0.531 0 25.119 11.875 6.2

Oblate deformed nuclei
24 30 180 0 -0.242 0 29.320 11.695 5.2
26 30 180 0 -0.353 0 29.266 14.548 5.1
28 30 180 0 -0.478 0 29.351 19.11 4.9
40 30 180 0 -0.592 0 29.975 26.321 5.1
42 30 180 0 -0.321 0 26.554 13.169 5.7
44 30 180 0 -0.263 0 26.110 11.502 5.9
48 30 180 0 -0.398 0 26.232 16.467 5.7
50 30 180 0 -0.422 0 26.154 17.794 5.7

-0.592 for oblate systems. All prolate/oblate projectiles show similar result as dis-

cussed above (therefore not shown here to avoid repetition). Table 6.1 summarizes

the result for all considered reactions with their spin-orbit barrier height and barrier

position calculated at the optimum orientations (θ1, θ2). The present study suggest

that, the magnitude of prolate/oblate deformations and corresponding orientation

angle between the colliding nuclei, significantly influence the spin-orbit barrier height

and position. Moreover, the compactness of the system also gets affected with the

sign of β2-deformation.

Now to analyze the role of spin-orbit density dependent potential in the total

interaction potential (VT =VP +VJ+VC=VN+VC), the spin-orbit independent po-

tential (VP ) and Coulomb potential (VC) parts are added to it. Fig. 6.3 shows the

total interaction potential with and without the contribution of spin-orbit effect for

40Si+30Si reaction plotted at Coulomb barrier energy i.e. ECB=29.98 MeV (tem-
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Figure 6.3: Total interaction potential VT (MeV) of 40Si+30Si reaction as a function
of inter nuclear distance R (fm) plotted with and without spin-orbit density effects
at optimum orientations θopt.

1 =1800 and θopt.
2 =00.

perature T=2.87 MeV). It is clear that, impact of spin-orbit part is significant on

fusion pocket rather than on fusion barrier height. As, pocket becomes more shal-

lower with inclusion of VJ . Moreover, the barrier curvature (h̄ω) also gets reduced

with the inclusion of spin-orbit potential. In view of this, it is of further interest

to study the influence of VJ on fusion cross-sections. The fusion excitation func-

tions are calculated with and without the inclusion of VJ in the total interaction

potential and plotted at different orientations as shown in Fig. 6.4. Calculations

are performed using Wong formula for 38Si+30Si and 40Si+30Si reactions with re-

spective prolate and oblate shapes. Since no experimental data is available for these

reactions, therefore cross-sections are estimated at their respective Coulomb barrier

energy (see Table 6.1). It is to be observed here that, the spin-orbit density part

decreases the fusion cross-sections to a small extent. This fall off in cross-section is

about ∼ 10 mb for prolate system and ∼ 20 mb for oblate system. As expected, for

prolate system (as shown in Fig. 6.4(a)), independent of spin orbit effect, the fusion

cross-sections are decreasing with increase in orientation angle of colliding nuclei

with maxima at θ2=00. On the other hand, for oblate nuclei, σfusion increases with
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Figure 6.4: Variation of fusion cross-section σfusion at each angle with and without
spin density effects (a) for prolate and (b) for oblate shape nuclei, plotted at their
coulomb barrier energy (see Table 6.1).

increase in orientation angle of colliding nuclei and becomes maximum at θ2=900

as shown in Fig. 6.4(b). For in between configurations the fusion cross-sections

vary smoothly as a function of orientation angle. The above study suggest that,

for oblate-spherical shape system, the spin-orbit barrier finds most compact con-

figuration at orientation (00, 1800), which for prolate-spherical system obtained at

(900, 1800). Now, this result is used to extend our study for understanding the effect

of both spin-orbit dependent and independent parts on two nucleon transfer process

forming same Se compound nucleus. Beside this the effect of N/Z ratio of Se nuclei

is analyzed and the results are discussed in upcoming section.

6.2.2 Two nucleon transfer effects on VJ and VP

Foremost, we have calculated the spin-orbit density dependent interaction potential

for the two nucleon transfer channels using SIII Skyrme force [20] within semi-

classical SEDF approach. We started with 23Na+49V reaction adopting two-nucleon

transfer from target to projectile and worked on 25Mg+47Ti, 27Al+45Sc,29Si+43Ca

and 31P+41K reactions- all giving the same compound system 72Se∗ (as shown in
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Figure 6.5: The spin-orbit interaction potential VJ as a function of R at T=0 (MeV)
using SIII force for (a,b) two nucleon transfer products starting with 23Na+49V
reaction and (c,d) for increase in N/Z ratio of Se via increase in neutron in the
projectile nucleus, starting from 23Al+45Sc→68Se∗. Left panel show the case for
spherical nuclei and right panel for β2-deformed nuclei.

Fig. 6.5(a) and Fig. 6.5(b)). The calculations are done for both spherical as well

as deformed choices of colliding partners. It is to be noted here that, in view of

results of Fig. 6.1 and Fig. 6.2, the variation of VJ in our further study is shown at

optimum orientation only.

Fig. 6.5(a) shows that for spherical choice of colliding nuclei, the spin bar-

rier height (VJB) and the spin barrier position (RJB) remain almost constant for

simultaneous addition and stripping of two nucleon in projectile and target respec-

tively. However, on allowing deformation effects, the enhancement in VJB is higher,

specially for oblate shape nuclei followed by prolate and then spherical choice of

projectile-target combination. Interestingly, for oblate shape nuclei, with the in-

crease in VJB, spin barrier position shifts towards the smaller interaction radius in

contrast to spherical case. The result obtained using deformed nuclei are in accor-

dance with our previous study done with Si-induced reactions and also independent

of the chosen Skyrme force. Thus, in transfer process, the different spherical react-

ing partners experience the maximum repulsion at about same distance whereas the
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Figure 6.6: Same as Fig. 2 but for spin-orbit independent part VP of interaction
potential.

deformed nuclei, exhibit maximum repulsion at different interaction radius.

In order to see the dependence of N/Z ratio of Se on VJ , we have made calcula-

tions for 68−76Se∗ isotopes as shown in Fig. 6.5(c) and Fig. 6.5(d). In lower panel

of Fig. 6.5, various isotopes of Se∗ are chosen starting with the target-projectile

combination of 23Al + 45Sc forming 68Se∗ compound system. Different isotopes of

Se are formed by using stable 45Sc target and adding two successive neutrons to the

23Al projectile. One may note from Fig. 6.5(c) that, the spin barrier height VJB

increases slowly with increase in N/Z ratio in contrast to two nucleon transfer chan-

nels. On the other hand, with the inclusion of deformations, the trend in variation

of VJB remains similar as in Fig. 6.5(b) though with a difference in the magnitude

of VJB (being relatively smaller for N/Z-ratio case).

Further the effect of transfer channels and N/Z ratio is tested over spin orbit den-

sity independent part ‘VP ’. The spin-orbit independent interaction potential at T=0

MeV for both spherical and deformed choice of nuclei is shown in Fig. 6.6(a,c) and

Fig. 6.6(b,d) respectively. It is clear from the left panel of Fig. 6.6 that, indepen-
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Figure 6.7: The spin-orbit density dependent interaction potential VJ as a function
of R (fm) at T=0 (MeV) for spherical nuclei using (a) SkI2 (b) SkI3 and (c) SkI4
Skyrme forces.

dent of chosen reactions, the spin-saturated potential (VP ) is attractive for spherical

reactions i.e. it does not show a repulsive core at a shorter distance. With the inclu-

sion of deformation within optimum orientations approach, all chosen systems show

attractive behavior at larger distances followed by repulsive core at shorter inter-

action range. It implies that, in the pocket formation process, β2-deformation play

significant role as depicted in the right panel of Fig. 6.6. Consequently, the barrier

characteristics get modified i.e. the oblate shaped nuclear systems having higher

spin barrier show narrow fusion pocket followed by prolate and spherical shaped

nuclei. It is relevant to mention here that, no fusion pocket is seen for 29Al+45Sc

and 31P+41K reactions as both projectile and target are spherical here.

Subsequently, the effect of two parameter spin-orbit potential (W0 and W′

0) is

analyzed for transfer reactions as shown in Fig. 6.7. It may be noted that within

DCM, the contribution of VJ till now is studied by using single spin-orbit potential

i.e. W0 = W′

0 only. In order to explore the specific role of spin-orbit parameters

(W0 and W′

0), the Skyrme forces SkI2 (W0 = W′

0), SkI3 (W′

0=0) and SkI4 (W0 6=

W′

0) are used here. Fig. 6.7 illustrate that, the presence of two parameter spin-orbit

potential in spin-orbit part of interaction potential impart significant influence, as

the magnitude of VJ become highest for SkI4 and least for SkI2 Skyrme force. On
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adding deformation effects (not shown here), the enhancement in magnitude of VJ

is observed whereas pattern remains same as observed in Fig. 6.5(b). This justifies

our previous result that, the behavior of spin orbit potential is independent of the

transfer channel as well as the choice of Skyrme force. Summarizing these results, we

find that, the double S-O parameters of the spin-orbit strength significantly affect

the spin-orbit density dependent potential VJ and consequently influence the fusion

dynamics of nuclear systems. Hence, the relative influence of these Skyrme forces

is further analyzed on fusion excitation functions of 72Se∗ compound nucleus. The

calculation and results are discussed in section 6.3.

6.3 Decay of 72Se∗ compound nucleus using

Skyrme forces and Blocki et al. potential

The fusion hindrance in heavy ion reactions has become a subject of interest as the

steep fall of the fusion cross-section at sub-barrier region grab a lot of attention, and

is analyzed extensively on experimental as well as theoretical fronts. In literature

various theoretical models have been available to describe fusion hindrance phenom-

ena. However, the most commonly used models during a present date to explain

the deep sub-barrier fusion data are (a) based on sudden approximation using M3Y

potential with repulsive core given by Misicu and Esbensen [21] (b) a dynamical

two-step model proposed by Ichikawa et al. [22] based on adiabatic picture. In both

the pictures, the shape of interaction potential is modified in terms of thicker bar-

rier and shallower pocket. Likewise, in the dynamical cluster-decay model (DCM)

barrier modification effects at sub-barrier energies are governed through barrier low-

ering parameter ∆VB which arises in a natural way by the fitting of only parameter

of the model, the neck-length ∆R.

Recently an experiment was performed at Argonne National Laboratory by Jiang

and co-worker [23] using super-conducting linear accelerator ATLAS to measure the
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Figure 6.8: Total interaction potentials VT (R) for the decay of 72Se∗ plotted using
SIII, SkI2, SkI3, SkI4 Skyrme forces and the Blocki potential at fixed Ec.m. (T=2.337
MeV). Here barrier lowering is defined as ∆VB=V(Ra) - VB and Ra=R1+R2+∆R.

evaporation residue cross-section for a positive Q-value 27Al+45Sc reaction down to

about 300 nb. The theoretical calculations were performed using coupled channel

(CC), optical model and shallow model. Both CC and optical model calculations

show fusion hindrance for this system, whereas shallow potential model reproduces

the data. In the present work, we use the two approaches (i) semiclassical SEDF in

extended Thomas-Fermi approach, where kinetic energy and spin-orbit densities are

expanded up-to the second order and two parameter Thomas-Fermi density is used

as nuclear density with its parameters taken from [13]. (ii) based on Blocki et. al.

potential [9] , which gives analytical description of nuclear potential. In this section,

different nuclear interaction potentials are used to study the decay of 72Se∗ nucleus

formed in 27Al+45Sc reaction within dynamical cluster decay model (DCM) [24,25]

using both spherical as well deformed nuclei within optimum orientations [19].

Fig. 6.8 shows the total interaction potential VT at temperature T=2.337 MeV as

a function of inter-nuclear distance R(fm) plotted with SIII, SkIx (x=2,3,4) Skyrme
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Figure 6.9: Preformation Probability P0 as a function of fragment mass A2 of 72Se∗

system at comparable Ec.m.=38.48 MeV using SIII, SkI2, SkI3, SkI4 and Blocki
potentials for (a) spherical and (b) β2-deformed choice of nuclei.

forces and Blocki potential. The figure illustrates that, the barrier height VB as well

as barrier position RB gets significantly modified with the use of different interaction

potentials i.e. SIII, SkI2, SkI3, SkI4 and Blocki, thereby affects the barrier tunnelling

probability P. The highest barrier is obtained on using Blocki et al. potential in

comparison to chosen Skyrme forces. Out of the four selected Skyrme forces, SIII and

SkI2 with W0=W
′

0 attain highest barrier followed by SkI4 with W0 6=W
′

0 and SkI3

with W
′

0=0 has lowest barrier. In DCM, the first turning point Ra of penetration

path define the effective “barrier lowering” ∆VB for each decay channel. From

the graph, it is clear that, for all considered potentials, the first turning point is

different, which is further controlled via appropriate choice of neck parameter ∆R

(different for different potentials as shown later in Fig. 6.10). As a consequences

of this, the corresponding barrier modification ∆VB comes into picture (see Eq.

(2.52) of chapter 2), which helps to address the experimental data using different

proximity interactions (discussed later). This indicates that, the effect of using
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Table 6.2: The ER and IMF cross-sections of 72Se∗ system, calculated using the DCM
with deformed choice of nuclei at different Ec.m.’s for SIII Skyrme force compared
with the experimental data [23].

Ec.m. Temp. ∆R `max σDCM(mb) σExpt.
ER (mb)

(MeV) (MeV) (fm) (h̄) Without VJ With VJ

σER σIMF σER

31.74 2.337 0.57 29 2.26×10−5 6.56×10−6 2.03×10−4 2.76×10−4

32.49 2.357 0.74 30 5.23×10−4 4.00×10−5 0.00270 0.00245
33.06 2.373 0.84 30 2.47×10−3 9.90×10−5 0.0101 0.0104
33.67 2.389 0.94 31 1.28×10−2 6.17×10−4 0.0418 0.0425
34.28 2.406 1.05 31 5.63×10−2 2.38×10−3 0.153 0.152
34.85 2.421 1.11 31 0.292 5.19×10−3 0.582 0.574
35.50 2.438 1.20 32 1.19 2.91×10−2 2.06 2.038
36.46 2.463 1.35 32 5.47 0.178 8.39 8.248
37.62 2.493 1.48 33 15.1 1.07 21.6 21.932
38.48 2.515 1.55 33 37.0 2.23 49.6 48.130
39.41 2.539 1.61 33 46.7 3.94 64.1 65.98
40.75 2.572 1.67 33 95.9 6.69 121.0 122.19
42.48 2.615 1.747 34 142.0 16.1 174.0 175.70
44.78 2.671 1.80 34 213.0 22.8 255.0 255.49
47.42 2.733 1.876 34 363.0 33.5 424.0 424.86
50.05 2.794 1.971 34 555.0 66.4 598.0 611.29

different interaction potentials is to modify the barrier characteristics and hence the

fusion cross-sections accordingly.

The relative effect of SEDF based interactions and usually applied Blocki et al.

potential is further examined on the preformation profile of 72Se∗ nucleus. Fig.

6.9 shows the preformation probability of decaying fragments of 72Se∗ compound

nucleus obtained by solving Schrödinger equation (Eq. (2.28) of chapter 2) using

SIII, SkI2, SkI3, SkI4 and Blocki potentials. In order to see the possible role of

deformation and related orientation of nuclei, both spherical as well as deformed

choices of fragments are taken as depicted in left and right panels of Fig. 6.9.

The comparison of preformation probability P0 is made at Coulomb barrier energy

Ec.m.= 38.48 MeV. On comparing the preformation factor of both choices of nuclei,

one gets (i) broad spectrum in fission region for the use of spherical case, which

on inclusion of β2 deformation within optimum approach becomes narrower (ii) the
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symmetric mass distribution is observed at `=`max for both spherical and deformed

nuclei, irrespective of choice of interaction potential. (iii) The effect of Blocki versus

Skyrme based potential is evident at lower `-values at which evaporation residue

data is addressed. The contribution of some asymmetric fragments (intermediate

mass fragments (IMF)) is also seen for spherical as well deformed choice of fragmen-

tation. From Fig. 6.5, Fig. 6.6 and Fig. 6.9, it is clear that deformation effects

modify the barrier characteristics, and subsequently the decay pattern gets influ-

enced significantly. Therefore the further analysis is carried out with the deformed

choice of nuclei only.

Next, the evaporation residue (ER) cross-sections of 72Se∗ system are calculated

using β2-deformed choice of nuclei in reference to experimental data of [23]. Using

different Skyrme forces within the framework of DCM, the fitting is done by opti-

mizing the neck-length parameter “∆R”. The calculations are performed with and

without the inclusion of spin-orbit part VJ in the total interaction potential. Table

6.2 depict the case for SIII and in Table 6.3 result of SkI2, SkI3 and SkI4 Skyrme

forces are shown. It is anticipated from the tables that, the ER cross-sections are

influenced significantly by the contribution of double spin parameter in the spin

dependent part. One may observe that σER deviates from experimental data by ∼

56 mb for SIII, ∼ 76 for SkI2, ∼ 62 for SkI3 and ∼ 120 mb for SkI4 force, when VJ

is excluded. The decrement in ER cross-section is larger for SkI4 force as compared

to other Skyrme forces, showing the effect of double spin-orbit parameter. However,

the ER cross-sections find nice agreement with available experiential data after the

inclusion of spin-orbit part. Therefore, a study based on such analysis reveals that

the double spin-orbit parameters of spin-orbit strength greatly influence the fusion

dynamics of heavy ion induced reactions.
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Table 6.3: Same as Table 6.2 but for SkI2, SkI3 and SkI4 Skyrme forces. The fitted neck-length ∆R values are shown in Fig.
6.10.

Ec.m. Temp. `max(h̄) σER
withoutVJ

(mb) σExpt.(mb)

(MeV) (MeV) SkI2 SkI3 SkI4 SkI2 SkI3 SkI4

31.74 2.337 29 29 30 9.47×10−5 8.51×10−5 9.26×10−6 2.76×10−4

32.49 2.357 30 30 30 1.34×10−3 1.12×10−3 2.12 ×10−4 0.00245

33.06 2.373 30 30 30 4.35×10−3 3.03×10−3 7.68×10−4 0.0104

33.67 2.389 30 30 31 0.0243 0.0225 5.95×10−3 0.0425

34.28 2.406 30 30 31 0.0901 0.0725 0.0415 0.152

34.85 2.421 31 31 31 0.384 0.334 0.163 0.574

35.50 2.438 31 33 33 1.50 1.36 0.696 2.038

36.46 2.463 32 33 33 6.31 7.24 3.47 8.248

37.62 2.493 32 33 33 17.4 15.4 11.9 21.932

38.48 2.515 33 33 34 36.7 37.5 24.7 48.130

39.41 2.539 33 33 34 47.0 52.2 35.6 65.98

40.75 2.572 33 33 34 103.0 94.2 81.2 122.19

42.48 2.615 33 34 35 153.0 148.0 123.0 175.70

44.78 2.671 34 35 35 226.0 221.0 187.0 255.49

47.42 2.733 35 35 35 376.0 371.0 341.0 424.86

50.05 2.794 35 35 35 535.0 549.0 491.0 611.29
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Table 6.3 continued...

Ec.m. Temp. σDCM(mb) σExpt.(mb)
(MeV) (MeV) With VJ

σIMF σER

SkI2 SkI3 SkI4 SkI2 SkI3 SkI4

31.74 2.337 9.90×10−9 5.89×10−8 2.43×10−7 2.76×10−4 2.78×10−4 2.74×10−4 2.76×10−4

32.49 2.357 1.19×10−6 3.23×10−6 5.53×10−6 0.00243 0.00245 0.00246 0.00245
33.06 2.373 4.99×10−6 1.12×10−5 2.24×10−5 0.0107 0.0107 0.0104 0.0104
33.67 2.389 3.53×10−5 7.71×10−5 3.33×10−4 0.0423 0.0423 0.0421 0.0425
34.28 2.406 1.77×10−4 3.60×10−4 1.42×10−3 0.136 0.150 0.150 0.152
34.85 2.421 1.22×10−3 4.59×10−3 7.95×10−3 0.572 0.572 0.581 0.574
35.50 2.438 9.46×10−3 6.09×10−2 9.76×10−2 2.09 2.02 2.02 2.038
36.46 2.463 0.102 0.374 0.60 8.28 8.25 8.29 8.248
37.62 2.493 0.367 1.08 2.28 21.1 20.4 22.1 21.932
38.48 2.515 1.29 2.64 7.35 48.3 48.7 48.3 48.130
39.41 2.539 2.20 4.18 11.1 65.2 65.0 65.3 65.98
40.75 2.572 4.84 6.73 20.5 124.0 121.0 123.0 122.19
42.48 2.615 8.55 15.9 41.2 176.0 176.0 176.0 175.70
44.78 2.671 17.0 29.4 52.8 244.0 256.0 258.0 255.49
47.42 2.733 33.5 45.1 86.2 427.0 422.0 408.0 424.86
50.05 2.794 60.2 72.7 141.0 583.0 611.0 610.0 611.29
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The Intermediate Mass Fragments (IMF) cross-sections are not measured exper-

imentally [23]. Using the same neck-length as that for ER, we have estimated the

IMFs and fission cross-sections. The fission cross-sections come out to be negligibly

small (not shown in the table) for all Ec.m. values, whereas the contribution of IMFs

is significant as shown in Table 6.2 and Table 6.3. It may be noted from Table 6.1

that, for the use of SIII force, the IMF contribution increases with increase in center

of mass energy and becomes about 10 % of total cross-sections at higher incident

energies. However for SkI2, SkI3 and SkI4 forces, the contribution of IMFs respec-

tively increases to 9.84 %, 11.89 % and 23.0 % at highest energy as shown in Table

6.3. Thus the results shown in Tables again support the fact that the contribution of

VJ (along with contribution of W0 and W′

0) play important role in fusion dynamics

of nuclear systems.

Beside the use of Skyrme forces, the ER cross-sections for the reaction 27Al+45Sc

→ 72Se∗ → A1+A2 are also calculated using Blocki et al. potential and the results

are shown in Table 6.4. Table 6.4 demonstrate that DCM calculated cross-section

find nice comparison with experimental evaporation residue cross-section (σExpt.
ER )

using Blocki interaction potential. Further Fig. 6.10 depict the fitted value of ∆R

for SIII, SkI2, SkI3, SkI4 and Blocki potentials as a function of center of mass

energy Ec.m.. It shows that ∆R increases almost linearly with Ec.m. independent

of the choice of interaction potential. For SkI3 force larger neck-length is required

to address the experimental ER data across the Coulomb barrier followed by SkI4,

SkI2, SIII Skyrme forces and Blocki potential. It is to be noted that, SIII force

demands greater neck-length than Blocki potential at above barrier region, whereas

reverse is true to attain below barrier excitation functions. It is relevant to mention

that the barrier lowering ∆VB enters through neck-length parameter ∆R and shows

its dominance at near and sub-barrier energy region, and hence impart useful input

to address the below barrier phenomena such as fusion hindrance. In this work, we

have addressed various factors that affect the barrier lowering parameter such as

energy, angular momentum and the use of different nuclear interaction potentials
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SECTION 6.3: DECAY OF 72SE∗ COMPOUND NUCLEUS USING
SKYRME FORCES AND BLOCKI ET AL. POTENTIAL

Table 6.4: The ER cross-sections of 72Se∗ system, calculated using Blocki potential
compared with the experimental data [23]. The fitted neck-length ∆R values are
shown in Fig. 6.10.

Ec.m. T `max σDCM
ER σExpt.

ER

(MeV) (MeV) (h̄) (mb) (mb)
31.74 2.337 38 2.73×10−4 2.76×10−4

32.49 2.357 38 0.00243 0.00245
33.06 2.373 39 0.010 0.0104
33.67 2.389 39 0.055 0.0425
34.28 2.406 40 0.132 0.152
34.85 2.421 41 0.573 0.574
35.50 2.438 41 2.06 2.038
36.46 2.463 41 8.26 8.248
37.62 2.493 41 21.7 21.932
38.48 2.515 41 46.8 48.130
39.41 2.539 41 67.4 65.98
40.75 2.572 41 125.0 122.19
42.48 2.615 41 178.0 175.70
44.78 2.671 41 255.0 255.49
47.42 2.733 41 426.0 424.86
50.05 2.794 41 610.0 611.29

etc. To study this, Fig. 6.11 is plotted, showing the variation of barrier lowering

parameter (∆VB) as a function of center of mass energy (Ec.m.) for the deformed

choice of decaying fragments. On left panel of Fig. 6.11, ∆VB is shown for SIII

force at `min and `max values and on right hand side the variation is shown for SIII,

SkI2, SkI3, SkI4 and Blocki potentials at `=`max. Fig. 6.11(a) illustrates that,

the value of ∆VB shows decrement in its magnitude as the center of mass energy

Ec.m. increases. At minimum angular momentum `min, the value of ∆VB is higher

(i.e. more negative) than maximum angular momentum `max. This imply that, the

higher barrier modification is required for lower Ec.m. and `-values, which in turn

seem to suggest that the corresponding fusion probability may decrease, giving rise

to the occurrence of fusion hindrance at sub-barrier region.

The barrier modification effect is analyzed further in Fig. 6.11(b) using con-

sidered Skyrme forces and Blocki based potential. One can see that ∆VB follows

the trend of ∆R for all choices of proximity potentials (see Fig. 6.10). From Fig.
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Figure 6.10: Comparison of neck-length parameter ∆R for different nuclear poten-
tials varying as a function of Ec.m..

Figure 6.11: Barrier-lowering parameter ∆VB as a function of Ec.m. for highest
contributing fragments (a) for SIII force at ` = `min and ` = `max and (b) for
different interaction potentials.
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SECTION 6.4: CONCLUSIONS

Table 6.5: The predicted ER cross-sections and `-values of 23Na+49V, 25Mg+47Ti,
29Si+43Ca and 31P+41K channels forming 72Se∗ compound system, calculated at
extreme Ec.m., using the same neck-length as for 27Al+45Sc reaction with SIII Skyrme
force.

Reactions Temp. (MeV) `max (h̄) σDCM (mb)

Ec.m.=31.74 MeV

23Na+49V 2.357 29 2.01×10−4

25Mg+47Ti 2.340 29 2.03×10−4

29Si+43Ca 2.279 29 2.03×10−4

31P+41K 2.288 29 2.02×10−4

Ec.m.=50.05 MeV

23Na+49V 2.811 35 578.28

25Mg+47Ti 2.797 35 693.72

29Si+43Ca 2.746 35 477.40

31P+41K 2.753 35 585.98

6.11(b), it is anticipated that, at below barrier energies, ∆VB is more negative for

SIII as compared to other interaction potentials. This means that larger barrier

lowering is needed for SIII force and least for SkI4 force. The above results em-

phasize the fact that the barrier characteristics can be optimized via proper choice

of neck length parameter which may in turn help to address the fusion hindrance

phenomena governed at sub-barrier energy regime.

Finally, we have predicted the ER cross-sections of 23Na+ 49V, 25Mg+47Ti,

29Si+43Ca and 31P+41K reactions forming 72Se∗ compound system at extreme center

of mass energy i.e. Ec.m.=31.70 MeV and Ec.m.=50.05 MeV as shown in Table 6.5.

The calculations are done by taking same neck-length parameter ∆R as taken for

27Al+45Sc reaction.

6.4 Conclusions

A systematic study is carried out to see the influence of deformation and orientation

on spin-orbit density part VJ by employing various prolate and oblate shape nuclei
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within the Skyrme Energy Density Formalism. The deformation is included upto

β2 lying within range of 0.023 ≤ β2≤ 0.531 for prolate and -0.242 ≤ β2≤ -0.592

for oblate nuclei. We observed that, independent of magnitude of prolate deformed

nuclei, higher spin-orbit barrier and lowest spin-orbit barrier position corresponds

to orientation 900, which for oblate shape nuclei changes to orientation angle 00.

The spin-orbit barrier and position is significantly influenced by both the sign and

magnitude of deformation. The oblate shape nuclei (β2 < 0) exhibit higher spin-orbit

barrier (and lowest barrier position) in comparison to prolate systems (β2 > 0). Also,

the pocket of total interaction potential become more shallower with the inclusion

of spin-orbit effect. In addition to this, the angular dependence of spin-orbit part

is studied on fusion cross-section by taking both prolate and oblate systems. It is

observed that, fusion cross-sections are maximum at θ2=00 for prolate and θ2=900

for oblate nuclei and their magnitude reduces slightly after inclusion of spin-density

effect.

Along with this, the role of the spin-orbit density dependent and independent

parts of interaction potential is studied for the two nucleon transfer process of

23Na+49V,25Mg+47Ti,27Al+45Sc, 29Si+43Ca and 31P+41K reactions forming 72Se∗

compound nucleus by considering spherical as well as deformed choices of nuclei. For

spherical choice, the barrier height and the barrier position are almost unaffected

for the chosen set of reactions. However, the same gets influenced significantly af-

ter inclusion of deformations, depending on the sign and magnitude of quadrupole

deformation. Deformations play important role in spin independent potential (VP ),

as the fusion pocket start appearing for deformed case, which otherwise diminish

for spherical nuclei. The same exercise is done for increase in N/Z ratio of Se by

considering five even isotopes of 68−76Se∗. Beside this, the effect of adding two pa-

rameter spin-orbit potential is analyzed for the two nucleon transfer reactions by

employing SkI2, SkI3 and SkI4 Skyrme forces. In addition to this, the decay path

of 72Se∗ compound nucleus is studied within framework of dynamical cluster de-
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SECTION 6.4: CONCLUSIONS

cay model (DCM). The comparative analysis of SEDF (SIII, SkI2, SkI3 and SkI4

Skyrme forces) and Blocki based interaction is performed in the form of preformation

probability and barrier lowering effects.

After an extensive analysis of nuclear dynamics of a variety of compound systems

formed in heavy ion induced reactions at low energy region in chapters 3-6, a brief

summary of the work and possible future prospects are explained in the next chapter.
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Chapter 7

Summary and concluding remarks

In this thesis, the dynamics involved in various heavy ion induced compound nu-

cleus (CN) reactions is studied at low energy regime. The main goal of this work

is to explore the effect of excitation energy, angular momentum, deformation and

orientation associated with the formation and decay of CN. Since, the CN processes

are sensitive to such effects, a systematic study of these properties is used for better

understanding of nuclear dynamics. The studied systems are chosen considering

the fact that they provide an opportunity to address both the evaporation residue

and fission channels, the main contributors of decay channel at low energy region.

A brief account of heavy ion collision and related aspect occurring at low energy

province have been discussed in chapter 1. To carried out the proposed work, various

theoretical models are applied such as Wong formula, `-summed Wong formula and

the dynamical cluster-decay model (DCM). The CN formation is described using

the framework of the Wong and `-summed Wong formula, whereas for the decay

part, dynamical cluster decay model (DCM) is employed. In Wong, barrier char-

acteristics (h̄ω, VB and RB) are primary inputs, and are used to address the CN

fusion cross-sections. On the other hand, within DCM, preformation probability P0

and tunnelling probability P are exploited to attain the compound nucleus decay

cross-sections. Both the nuclear models have been discussed in detail in chapter 2.

Along with this, a brief interpretation of nuclear interaction potential obtained from
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proximity theorem and from Skyrme energy density formalism (SEDF) is outlined

in chapter 2.

In affirmation to Bohr independence hypothesis, it is believed that the formation

and decay of CN are independent processes, besides the requirement of various con-

servation laws. However, as an exception, there may be a possibility that the decay

channel retains the memory of colliding partners. Following this, the present work

involves the investigation of entrance channel dependence in the formation and de-

cay of CN 200Pb∗ formed via 16O+184W, 19F+181Ta and 30Si+170Er reactions. Wong

formula, `-summed Wong formula and DCM are used respectively for fusion and de-

cay processes. For the purpose of study, both spherical and deformed (quadrupole

β2) choices of nuclei are considered. Though all three entrance channels populates

the same CN, but choice of different target-projectile combinations seem to influence

the fusion cross-sections, as Wong based calculation is reasonably good to reproduce

the experimental fusion data of 19F and 30Si-induced reactions and show deviation

for 16O+184W reaction, where possibility of some non-compound nuclear process is

anticipated. These facts directly indicate the signature of entrance channel depen-

dence in formation of compound nucleus 200Pb∗. In addition to fusion, the entrance

channel effect is also analyzed in the deformed fragmentation process of 200Pb∗ nu-

cleus. Moreover, the ER and fission cross-sections are predicted within energy range

of Ec.m. = 98-128 MeV. Finally the behavior of neighboring isotopes of 200Pb∗ such

as 192Pb∗ and 202Pb∗ is analyzed via total average kinetic energy, penetrability and

mass yield distribution patterns. The detail description of this work is discussed in

chapter 3.

The entrance channel effects are further examined in the decay of lower mass

compound systems such as 76Kr and 92Zr using DCM, results are discussed in chap-

ter 4. The role of iso-spin (N/Z ratio) and deformations is explored by analyzing the

decay pattern of various Zr-nuclei formed in 16O induced reactions. It is observed

that the behavior of fragmentation potential and preformation probability gets in-
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fluenced with inclusion of deformation effects as different systematics are obtained

for spherical and deformed choices. Also, the dynamics of relatively heavier mass Sn

isotopes is exercised using 16O and 18O projectiles. Beside this, the role of excitation

energy and angular momentum is duly addressed.

It is observed that, the fusion evaporation and fusion-fission (ff) processes are

affected by the excitation energy of projectile (or corresponding temperature), to-

tal angular momentum and associated moment of inertia etc. Considering this,

in chapter 5 the study of ER and ff processes is carried out in terms of barrier

characteristics, preformation probability and barrier lowering effects, where angular

momentum effects are exploited via two approaches of moment of inertia such as

sticking IS and non-sticking INS limits. It is to be noted here that, in previous

chapters, the deformation effects were added upto β2 only, however in this chapter,

the higher order nuclear deformations are considered i.e. from quadrupole β2 (with

optimum orientations) to hexadecapole β4 (with compact orientations). Along with

this, the role of dynamical deformation is also assimilated in the calculations. The

barrier height (and corresponding position) and the preformation paths of 214,216Rn∗

compound systems change significantly while going from INS to IS approach and also

dependent on the choice of deformations. The data of ER is successfully addressed

within both the limits of moment of inertia at all incident energies for spherical

as well as for deformed choices of decaying fragments, whereas the fission excita-

tion functions are fitted within IS limit only, specially after including deformations

upto β4(0). Furthermore, the influence of increase in energy and neutron number

is analyzed in reference to ER survival probability of Rn compound nucleus. It is

confirmed that 216Rn∗ system with N=130 has greater stability against fission as

compared to 214Rn∗ nucleus with N=128. Finally, the ff cross-sections of 214,216Rn∗

nuclei are predicted using the sticking limit of moment of inertia as the same is more

suitable for such decay process.

In all previous chapters, the nuclear interaction potential was obtained using an-
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alytical method such as Blocki based pocket formula. Such kind of approaches does

not comprises contribution from spin-orbit density dependent part, though they af-

fect the fusion-fission dynamics substantially. In view of this, the role of both the

spin-orbit density dependent (VJ ) and independent (VP ) potentials obtained from

Skyrme energy density formalism (SEDF) is probed independently along with defor-

mation and orientation effects, and the results are discussed in chapter 6. Firstly the

impact of deformation and orientation is explored on spin-orbit density dependent

(VJ) part of nuclear interaction potential by considering 24−54Si+30Si reactions. In

which target 30Si is spherical and projectiles 24−54Si have prolate and oblate shapes.

In this work, the deformations are included upto β2 only (quadrupole deformation),

varying within range of 0.023 ≤ β2≤ 0.531 for prolate and -0.242 ≤ β2≤ -0.592 for

oblate projectiles. It is manifested from the calculations that, the effect of orienta-

tion on VJ is much prominent for nuclei with β2 <0 as compare to β2 >0. This study

suggests that, for oblate-spherical shape system, the spin-orbit barrier finds most

compact configuration at orientation (00, 1800), which for prolate-spherical system

is obtained at (900, 1800). Subsequently this analysis is used to study the effect of

both spin-orbit dependent and independent parts individually on two nucleon trans-

fer reactions i.e. 23Na+49V, 25Mg+47Ti,27Al+45Sc,29Si+43Ca and 31P+41K forming

the same compound nucleus 72Se∗ using single spin-orbit parameter (W0) Skyrme

force i.e. SIII. In this work both spherical as well deformed nuclei are considered.

One may conclude that, in transfer reactions, the spin barrier height VJB as well as

spin barrier position RJB remain almost unaffected on considering spherical choice

of target and projectile. However, the same get influenced significantly for deformed

nuclei with optimum orientation. The effect of deformation is evident in VP also as

the fusion pocket start appearing, which otherwise dissipate for spherical systems.

The same exercise is done for increase in N/Z ratio of Se by considering five even

isotopes i.e. 68−76Se∗. Beside this, the role of adding two parameters (W0 and W′

0) in

spin-orbit potential is analyzed for the two nucleon transfer reactions by employing
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SkI2, SkI3 and SkI4 Skyrme forces. In addition to this, the decay of 72Se∗ compound

nucleus is investigated under the effect of various nuclear interaction potentials and

efforts are made to address fusion hindrance phenomena.

The above work can be extended for the future study. The influence of double

spin-orbit parameter W0 and W′

0 can be examined in the formation and decay

channels of compound nucleus. In this work the impact of spin-orbit part of nuclear

interaction potential via W0 and W′

0 is accounted on low mass system only, the

contribution of W0 and W′

0 can be tested in fusion cross-section of variety of nuclear

systems spread from low to super heavy mass region. In addition to this, one may

explore the effect of higher order deformations (both negative and positive shapes)

in reference to spin-orbit density dependent potential, which is tested for quadrupole

shape of nuclei in this present work.
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